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FOREWORD

1. Purpose. To provide a practical manual of meteorology for the infor-
mation and guidance of Air Weather Service personnel concerned with tropical

regions,

2. Scope. This Manual is applicable to all Air Weatner Service fore-
casting activities. Although many of the examples and diagrams are taken from
tropical regions in the Pacific, the techniques used should be applicable with-
in comparable latitudes of other tropical-oceanic regions.
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ABSTRACT

The report is in seven parts. After a short introduction the manner
in which the tropical forecaster may utilize climatological information is
discussed. The next section emphasizes that the approach to the evaluation
of tropical data 1s different from that which is standard in hLigh latitude
meteorology. Then follows a long discussion of wind analysis, using stream-
lines and isotachs. The fifth section covers methods of analyzing cloud
and weather distribution; the methods outlined here are designed specifical-
ly for use in tropical regions. The sixth section deals with problems of
correlation of wind and weather patterns, of continuity and with related
topics; the material is presented chiefly in the form of practical examples.

Finally, the structure, genesis and movement of tropical cyclones are brief-

ly discussed.
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THE PRACTICAL ASPECT OF TROPICAL METEOROLOGY

By
C. E. Palmer, C. W. Wise
L. J. Stempson, G. H. Duncan

1000,  INTRODUCT I ON

The average meteorologist, trained and experienced in the analysis and
forecasting of weather and winds in temperate or polar latitudes, -has a
tendency to regard tropical forecasting as a separate and distinct tield.

He has arrived at- this conclusion, largely, from an inadequate knowledge of

such strange and nebulous features of tropical analysis as "the inter-tropic-

al front” or "easterly waves”, which seem to pe 1napplicable in high latitudes;
he has heard of the difficulty of forecasting the tracks of hurricanes and
typhoons. He has often heard of special "schools” for the training of tropic-
a: forecasters. Finally, if he has had an occasion to see, or, perhaps,

attempt weather -analysis in tropical areas, the apparent tailure ot most of

the standard methods and rules of his profession convinces nim that this belongs
to a special type of meteorology for which he was not trained.

To a certain extent, he is right. Many of the techniques which he uses
in high latitude forecasting are based upon the recognition of the marked
differences in temperature and humidity that exist between air-masses. In
fact, to a beginner in low-latitude analysis, the tropical air-mass appears
to be remarkably uniform in temperuture and humidity .and unchanging as a
whole, with diurnal and orographic vatriations .more predominant than synoptic
changes. Consequently, the forecaster ¥ho uses only air-mass,and frontal
concepts in his work is at a loss to explain variations of wind, cloud and
precipitation when these occur in the otherwise uniform air-mass. He must
either invent new concepts applicable to these regions alone, or revert to
the mpst basic and fundamental rules anhd techniques of analysis and torecast-
ing, such as were used by the pioneer synopticians.

Since the average forecaster is unlikely te initiate radical new devel-
opments in meteorology that will stand the test of time, he is forced to adopt
the latter alternative, namely, to return to the fundamentals of synoptic
‘meteorology. What are these basic principles? First, he must review his know-
ledge of the relevant climatology - a subject to which he has probably paid
scant attention in high latitudes. Secondly he must learn to understand the
role of the large ordgraphic and diurnal effects characteristic of low latitudes
and to evaluate his data accordingly. For he cannot, in his analysis, descrive
the synoptic picture without removing these local and periodic effects and he
cannot derive a forecast from his prognostic maps without including them.
Thirdly, the closer to the equator his analysis extends, the less he can rely
on the geostrophic or gradient wind relationships - the foundation ot wind
anslysis in high latitudes. Moreover, he finds that the pressure gradients at
the ground, and the contour gradients aloft, become weaker and weaker as the
equator is approached. This leads to intolerable uncertainties in the standard
pressure and contour ‘analyses; for both these reasons, then, they cannot pe
used to represent the wind flow. To describe the wind field and to torecast
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changes in it, he has to adopt some method of analyzing the wind observations
separately trom the pressure observations. Fourthly since the models of fron-
tal and air mass analysls fail in the tropics, he has no bolue-prints to guide
nim in deriving cloud and precipitation forecasts from the wind analysis. he
hus to descripve the chief features of the cloud and precipitation field by sone
kind of weather dJdistribution analysis.

Finally, atter these tecnniques have peen applied analytically, he must
synthesize the results in such a way as to arrive at a true synoptic view
of the weather situation, integrating and correlating as many features of
the separately analyzed fields, both in space and time, as is humanly possible.
rere, experience of the correlations between wind and weather and correct
notions of continuity in space and time, count heavily.

In this survey, one method of treating these five fundamental steps in
analysis 1s presented. We do not claim that it represents a new and radical
approach to tropical problems, but it is hoped that the material presented
will enable the reader to begin practical analysis nd forecasting in low
lautitudes. The work is addressed primarily to forecasters who have a sound
working knowledge of the synoptic meteorology of middale and high latitudes,
who have sufficient academic training in general climatology and theoretical
meteorology tor the practical demands of middle Jatitude work and who have had
some practical experience in the routine analysis and torecasting required
to support present-day aircratt operations., Although here and there, particu-
larly in the section that treats wind analysis, we have presented rather
complex theorectical ideas, nu mathematical eguations have been introduced.

Geographically, the area or belt at the surface of the earth that is
bvunded by the Tropics of Cancer and Capricorn at 23° 27’ North and South,
respectively is called the ‘Torrid Zone’ or more oriefly and inaccurately
the ‘Tropics’. We shall reserve the term, ‘Torrid Zone' for this rigidly
defined pelt. However, the region covered by the tropical air mass, as shown
by the horizontal uniformity of its representative and characteristic meteor-
ological elements, often exceeds and sometimes falls short of the boundaries
set by Capricorn and Cancer. FKor convenience, whenever we reter to ‘the
tropics’” we shall mean the region lying between the high pressure belts at the
surface of each hemisphere, and the troposphere and lower stratogphere above
this region. The boundaries of the tropics therefore vary in space and tiﬁe;
tney may approach within 15° latitude of the equator or recede 45° from it.

e e it a .




2000. THE CLIMATOLOGICAL BACKGROUND

2100, THE USES OF CLIMATOLOGY

The synoptic meteorologist finus three uses for climatological knowledge.
First, the statistical results set the limits within which the analysis and
prediction of individual elements, such as wind, temperature or pressure, must
fall, and the most probable value of the element for the season., For this
purpose, the most valuable statistic is the frequency distribution of the ele-
E ment, the class intervals being chosen with a practical forecast in mind.
Tropical statistics of this type, gathered over a period ot many years, are
practically non-existent. The surface wind roses for each five-degree square
of the tropical oceans, such as appear on the “Pilot Charts of the Oceans”
are probably the nearest approach to the ideal available at present. Figure

2-1, which shows the distribution of the heights of the tops of cumulus clouds
! over the Marshall Islands in October-November 1952, is presented merely to
illustrate the type of frequency information that is most useful. Tlhis curve
is based upon excellent reconnaissance data but refers only to two months and

covers a very extensive area,- a very short record that should be used, 1f at
all, with great caution,
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Fig. 2-1. Percentage frequencies of heights reported for cumulus tops for
the area between 2.5°S - 25.U°N and 155°E - 175°W,
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The modal, or most frequent height, is 4,000 feet and thus, if the curve
were statistically reliable, would be the most probable height of cumulus tops
in the area. In_the absence of synoptic reasons against it, this is the .height
that should be forecast, with the greatest likelihood of success. Note the
skewness of the curve; it is so great that the mean cloud height, 7,600 feet,
differs by 3,600 feet from the mode. In this case the mean, therefore, is of
little use to the forecaster., Note also that the curve has an abrupt cut-off
at 1,800 feet, the most frequent height for the base of cumulus over the open
tropical ocean. On the other hand, the curve reveals information that a high




2100,

latitude meteorologlst might not suspect, Cumulus (not cumulonimpus) with

tops as high as 28,000 feet can occur in the region i.e.,, on rare occasions

the cloud tops can pe super-cooled to almost -30°C (the most treguent tempera-
ture at 30,000 teet) without freezing. In the presence of good synceptic reasons
tor it, the torecaster need not hesitate to forecast cumulus tops between 20,000
and 295,000 teet,

Useful trequency curves for tropical weather elements are rare. For most
elements and most areas the forecaster has to fall back on two less useful
statistics ~-- the mean and the range. The range sets the limits outside of
which the forecaster should not predict without very strong reasons. The mean
wlll coincide with the mode when the element is normally distributed -- but
this 1s rarely the case with any meteorological variable, However, in the
absence of good frequency data, the forecaster may take the mean as an approxi-
mation to the mode. In practice, when one judges that after a period of unusual
disturvance, the synoptic situation is about to change, the safest forecast for
any meteorological element is that it will return to its mean or better, its
modal value, for the month or season.

ln analysis, the frequency distribution of an element, or in its absence,
the range, should pe used to check suspect observations., A report of a surface
temperature of 60°F at Canton Island (02°49’S,, 171°43'W.) would be very suspect
since the mean temperature range (the mean high temperature minus the mean low
temperature) at this station is 9°F and the absolute minimum is T0°F,

Ine‘seconj use to which statistical intormation may be put is in the field
ot correlation. The principle used is this: if one or more elements can be
observed and predicted with greater accuracy than certain other elements, multiple
correlations (usuually suggested oy synopiic theory or experience) may sometimes
ve worked out vetween combinations of the two sets of elements. When this has
veen done, the most probable future values of one or more ot the variaples which
are difficult to predict can ve read mechanically from a graph, which is entered
at the predicted value of u more easily forecast variable. In practice, attempts
are made to correlate opserved values of a given element with latter values of
the same or other elements. ihese techniques pelong in the field ot so-called
objective® forecasting. We feel that some 1mportant research can be done in
this field ot tropical oojective forecasting. 1o date, oeyond some long-range
monsoon torecasting in India, no work of this type nhas veen done and no results
are availaovle ftor reporting here. However, the tropical ftorecaster might well
be advised to eaperiment with the techniques, particularly in relation to the
24-hour torecast.

The third use for climatological knowledge is applicable to regions for
which there 1s adequate statistical but very inadequate synoptic data. Over
much of the tropical ocean the long period over which ship observations have
accumulated provide reasonably good statistical information, but at any one
synoptic hour very few ships report from certain areas. The forecaster may
have to glve an opinion on weather conditions in such areas. The best he can
do under the circumstances will oe to translate the statistical information.
Fortunately in many parts of the tropics and for certain elements, this method

* This method is no more objective than any other in standard use -- the sub-
jective merely enters 1n a different way.

4
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will be surprisingly successful. Suppose, for example, that a mishap occurred
to an aircraft flying between Hawail and the coast of Peru, so¢ that air-sea
rescue had to be attempted at about 8°S, 110°W, [t is extremely unlikely

that any observations within 1,000 miles of this point would be available to a
forecaster in Hawaii. Nevertheless qg could use climatologicul maps to estimate
the surface conditions in the area with some confidence. (See Figures 2-2,

and 2-3.).

In summary, the tropical forecaster should make a serious study of the
climatology of nis area of operation. He should not only collect all the
statistical information he can on entering a new region bput continue to accu-
mulate it during his tour of duty. He should experiment with new ways of using
the data in forecasting and analysic -- a field in which great ingenuity can
be exercised. To this end, he should possess a loose-leaf note pook in which
these and other data can be accumulated and in which technical experiments can
be accumulated and in which technical experiments can be planned and executed.

The value of the synoptician’s note-pook may be dramatically revealed during
| an emergency.

| Since this is not a text-pook of climatology, no attempt will be made
here to provide the detailed statistical information that should go into

l such a note book. Since the technigues of tropical analysis that will be new

{ to the high-latitude forecaster are those applied to the wind field (Section

| 4000) and the Field of Composition (Section 5000) some very brief review

i material on the climatology of winds (Section 2200) and Weather (Section 2300)
are included here. The synoptician who is already thoroughly familiar with
the general climatology of these fields may pass immediately to the analytic

Ei part of the work (Section 3000).

2200. CLIMATOLOGY OF THE FIELD OF MOTION.

Ideally, the field of motion consists of the distribution in space of the
velocities of air parcels with respect to the earth. It is thus a vector field.
‘ Up to the present time, climatological data are insufficient to represent the

mean field of motion completely. The past and present methods of measuring

w the wind direction and wind speed provide only crude approximations to the
' horizontal component of the velocity of the air parcels. Since no statistics
are available on the vertical motion of these parcels, the climatology of the
field of motion can deal only with averages of the horizontal wind. Further,
the bulk of the available statistics in the tropics refer to winds measured at 1
the surface of the earth. 1In the past few years, upper level wind data have in-
creased in volume but they are now barely sufficient to provide a very rudimen-
tary picture of the mean motion aloft.

2210, The Field of Motion at the Surface of the Earth.

Most of the climatological surface wind information that appears in the
following charts is derived from the oceanic regions of the tropics. Local
topography exercises a strong influence on the surface wind at any land sta-
tion and large-scale topographic effects on the mean winds are evident, in
India, Australia, Africa and Central and South America.




<211. The Streamlines of the Mean Surface wind over the Oceans. The

surface wind distribution in the tropics may be studied on Figure 2-2 which
shows the streamlines of the mean surface wind for the months of July and
January. Here, disregarding seasonal variation, we find:

A"subtropical anticyclonic pelt” oscillating between 20 and 40 degrees

4
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North, and another such belt between 20 and 40 degrees South. These belts
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Fig. 2-2. Streamlines of the Mean Surface Wind, January (above) and July (below)

by imaginary lines connecting the anticyclonic centers which
the eastern parts of the sub-tropical oceans. The centers occur
in ali oceans except the North Indian Ocean; in this region the
oe found in the middle and upper troposphere.




The "trade wind belt”, or simply the “trades”, located equatorward from
the anticyclonic belts, approximately between 10 to 20 degrees North and 10
to 20 degrees South., The direction of the trades is normally trom the north-
east in the Northern Hemisphere and from the southeast in the Southern Hemi-
sphere, The streamlines which emanate from the subtropics appear to diverge
widely: as they travel toward the equator. This is especially true in the
Southern Hemisphere in January, where they appear to curve clockwise over the
eastern parts of the oceans.

The "equatorial trough”, which, although identified primarily by the mean
pressure pattern, is indicated on the wind map by the line of convergence in
the streamlines in the vicinity of the equator. In the northern winter its
position is clearcut, but in the northern summer, it becomes more diffuse over
the large land masses being easily located only over Africa and India.

The regions in which the climatological terms described above are roughly
applicable, neglecting seasonal variations, are illustratea in Figure 2-3.
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Fig. 2-3. Wind Regimes in theTropics.

2212. The Monsoons. The only large deviations from the wind patterns
outlined in Figure 2-3 stem from the topography of the continents with which
they are associated. Here we refer primarily to the monsoons over India,
China, Africa, Australia, and parts of the Americas. References will pe made
to monsoons in this work, but they will not be treated in any great detail
because of their regional pature. It is considered advisable, however, to
acquaint the reader with what we mean by the word "monsoon”. In climatology,
the word monsoon always refers to a seasonal wind blowing from continental
interiors to the ocean in winter, and oppositely in summer. The monsoons are
most pronounced over India, where they blow from the northeast in January and
from the souithwest in July. In India, the word has also come to mean the rainy
season occuring from June to September. B8efore pecoming actively engaged in
monsoon forecasting, the synoptician should familjarize himself with the latest
local climatological information.

2213, The Isotachs «f_the Mean Surface Wind. The isotachs associat-d
with the mean streamlines (Figure 2-4) illustrate the fact that the maxima
of the mean surface winds in the tropics are found in the trades and monsoons,

while the minima are found along the subtropical anticyclonic belts and i1n the
equatorial trough

2211. -2213.




Fig. 2-4. Isotachs of the mean surface wind in January (above) and July (below).

2214. Constancy of Surface Wind Patterns. Conclusions ot practical impor-
tance may be drawn from a study of the variapility of the surface wind patterns
in the tropics. Of primary interest is.the fact that the surface wind patterns
in some areas are quite persistent. The disadvantages of a sparse network of
reporting stations are partly overcome by the use of such information. The
trade winds and, in some parts of the ocean, equatorial winds, may not change
direction by more than 20 or 30 degrees for periods of several weeks. This
constancy of wind directiun is an important forecasting tool and should ve
used as such whenever, and wherever, possible. To give quantitative expression
to thls information, Figure 2-5 is a plot of the constancy of the surface wind
direction. This is given in terms of the percentage of frequency with which
the wind is within 45 degrees of its modal direction., In the shaded areas the
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Fig. 2-5. Constancy of the surface wind direction, January (above) and July
(below). The isolines show the percentage frequency with which the
wind is within 45° of its modal direction.

wind comes from this 90 degree sector of the compass morc than 80 percent of
the time.

The greatest constancy of wind direction is found within large sections
of the northeasterly and southeasterly trade area of the tropical oceans, and
the southwesterly and northeasterly monsoon arza of the north Indian Ocean.
The least constant winds are found near the centers of the mean anticyclones,
and along the line of mean intertropical convergence. It must not be inferred
from Figure 2-5 that rapid changes of the wind patterns with time cannot, or
do not, take place even in the trade area., The hurricane or typhoon is an
excellent example of the rapid changes in surface wind patterns which may
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hardly affect the climatological statistics. Further, there are often otograph-
1 or local effects, or minor synoptic perturbations in the wind field, which
temporarily affect the persistence of the wind patterns. In light of the sta-
tistics tor the entire tropics however, these conditions may be considered the
exception rather than the rule and to be largely confined to the regions of low
constancy shown in Figure 2-5.

2220. The Field of Motion Aloft.

The long period of observation of surface winds at sea and the high values
of the constancy revealed by the tropical statistics make the mean maps of
surface wind a valuable aid to the forecaster. Unfortunately the same state-
ment cannot be made about statistical tables or mean maps purporting to show
the horizontal air flow above 5,000 feet. A combination of circumstances,
some ot which are peculiar to the tropics, make any statistical statement on
equatorial and sub-equatorial upper winds hazardous. These circumstances are:

Radiosonde observations, leading to the construction of upper level
contour maps, are of little use in delineating the wind field., The gra-
dient wind relationship cannot ve used, s0 that upper level maps must be
based on wind observations alone.

Rawin observing technigues are of very recent development, and even
now are rarely used in the tropics. Thus, the very little data we have
in the tropilcs are mainly derived from the observation of pilot balloons
and cloud drift.

Pilot balloons are less useful 1n the tropics than they are elsewhere.
The predominant cloud is cumuliform, and, roughly speaking, the cloud
pillars are taller in tae tropics than elsewhere. bkven with the sky
less than half covered, pilot balloons are lost by obscuration, in most
cases betore they reach five thousand feet. The statistics for the levels
above five thousand feet, therefore, reflect the conditions obtaining
during the comparatively rare periods when there is very little low cloud
of small vertical extent. They are thus highly selective, probably more
so than high latitude balloon cobservations. Pilot balloons are also
selective in another way. Since the balloon must be followed visually,
its slant range from the observation point, even in clear weather is a
determining factor in the heights explored. Tropical rawins have shown
that sometimes the lower easterlies at oceanic stations change to upper
westerlies in the middle troposphere, with a return to easteriies again
at some higher level -- sometimes in other weather situations, the east-
erlies may remain almost constant in direction up to or veyond the tropo-
pause. In the long run the pilot balloons will select the former situation
giving a false picture of the mean circulation aloft.

On the other hand, observation of the cloud drift will tend to select
"pbad weather"” situations, more particularly in respect of the middle clouds.
In this connection we may quote from Mintz and Dean ( 1yol ): “A striking
example of this condition is shown by the observations of the winter season
over India, as summarized in Figure 33 (reproduced here as Figure 2-6). In
this figure are shown, on the left, the streamlines of the mean vector wind,
computed from nilot balloon observations at 2, 4, and 8 kilometers elevation.
These streamlines show peninsular India to be beneath the eastern end of a
middle troposphere anticyclone. But on the right in the figure are shown the
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streamlines of the mean of the cloud drift directions tor roughly the sume
heights. These cloud drift streamlines show peninsular India to the underneath
the western end of a middle troposphere anticyclone, It is cbvicus that the
clear weather days, which permitted pilot balloon ovservations, occurred in the
mean with a different pattern of upper level circulation than the cloudy days”,

Meon Pilot Ballon Wind Mean Cloud Dnift
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Fig. 2-6. Comparison of the direction of the mean pilot balloon wind and the
mean of the cloud drift directions over India in January.

Since the only reason tor introducing climatological material at all in
this work is to assist the synoptic meteorologist in preparing analyses and
forecasts for tropical regions, we may summ up by saylng that, however interest-
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1ng rudimentary maps of mean flow between 15°N and 15°S may be to the theorist,
the majority of those published must be treated with great caution; they are
based ertner on pilot balloon observations and cloud drift or on "intelligent
guesses” derived from theoretical notions of what the circulation might be.

The only valid climatological information on the tropical upper air motions is
that derived trom instruments using radar techniques and then only under condi-
tions where the slant-range selectivity, due to the so-called jet stream aloft,
can be shown not to operate. In general this means that the information is re-
stricted to the pbelt between 15°N and 15°S and to very narrow longitudinal zones
in that belt. Poleward of the belt, statistics based on inference from the upper
contour patterns are probably as reliavle, if not more reliable, than those based
on pi1lot pballoon observations -- at least they are independent of cloud cover,

In view of these difficulties it is not easy to make any generalizations
about the upper level mean circulation that will unequivocally guide the tropical
torecaster. The following statements, however, are, in the opinion of the authors
likely to pbe confirmed when detailed rawin information for tropical regions accu-
mulates over a sufficiently long period:

The tropical air flow above the surface is predominanrly zonal,
that is, elther westerly or easterl . In general the meridional com-
ponent of the winds is about one-ten.h the zonal component and in
many situations 1s much less than this.

The meridional, that is the north-south, components tend to be
distributed in a wave-like pattern, evca more s0 than at the surface.
This means that the subtropical anticycionic belt aloft is split,
like that at the surface, into individual "cells”"by the alternating
wave-like distribution of the meridional components. While this
tact is easily recognized, it is more difficult to say what the mean
location of the centers of these cells might be, especially in the
Southern Hemisphere and especially in the high troposphere.

The mountain chains exert ‘their influence on the zonal flows
to great heights. The available evidence suggests that barriers such
as the Andes or the Himalayas distort the flow at heights well above
their summits. “Orographic” effects, then, may be expected at all
tropospheric leveis, perhaps even in the stratosphere, provided the
barriers are large enough. The general effect of these barriers is
to increase the meridional oscillations of the wind downstream, the
“trough” with the largest amplitude usually lying immediately in
the lee of the barrier.

Since apart from large-scale orographic effects, the predominant direc-
tions of the upper air currents are zonal there is some profit to the fore-
caster in discussing an idealized north-south section through the tropical
atmospherec, shouwing thedistribution; of the east-west component with height
and latitude. Figure 2-7 is such a section. It has been constructed upon
information derived trom many sources. Between 15°N and 15°S the greatest
weight has been given to recent rawin information, though of course, the
older pilot balloon and cloud drift observations have also been taken 1nto
account. Outside this belt, the chief source ot data has been modern rawin
observations supplemented by the fairly long radiosonde record, which through
analysis of the mean contour fields, can provide a mean geostrophic zonal
wind that is independent of cloud cuver. It must he emphasized that this
section is idealized in the sense that it represents a mean taken from data
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seasons.

at all available longitudes; hence the zonal wind on any given longitude will
ditter from the picture displayed on the figure.
mean will be discussel in greater detaill below.
said that of all possible oceanic sections,
the central Pacific Ocean will resemble this picture most closely,
through the middle Atlantic less closely,
Ocean least closely. Of the continental sections,
though very little

resembles the ideal fairly closely,
spheric levels above 20,000 feet.

These variations from the
For the time being 1t can be
those taken along longitudes near
those
those through the central Indian
that through Africa probably
1s known of the tropo-
The section through the Wwestern Hemlsphere
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probably differs from the ideal south ot the equator, owing to the presence of
the Andes. The least likely to resemble the ideal will be that partial section
lying north ot the eguator and running through India. The departure from the
ideal however, wlll be not so much in the presence or absence of the main maxima
and minima on KFigure 2-7 but in their position and 1intensity, and in the magni-
tudz and direction of the meridional components that accompany them. Since the
maxima, minima and turning points to be descriped are so freguently found, not
only on mean cross-sections along ditferent longitudes but also on synoptic
cross-sections referring to a given observational hour, it is convenient to name
these features. The names here assigned will be froquently used throughout the
text; the reader should therefore become familiar with them. At the same time
we should like to insist on the point that the names have been assigned purely
tor convenlence -- no dynamical theories+are implied by them and the features
themselves are only ¢. ivenient descriptive landmarks in the complex atmospheric
oatterns, not active agents causing changes in the general circulation in some
nagical way.

In applying Figure 2-7 and similar sections in his daily Wark, the tropical
meteorologist should remember that the height scale is grossly exaggerated and
that thls can have important practical effects. For example, on most sections
tne “jet stream” maximum has an exaggerated vertical extent. In forecasting
upper wirntds the synoptician must rememver that the position of the maximum
has to be specified within 2, 600 feet.

The tropical tropopause is remarkably constant in height both in space and
time, lying close to 55,000 feet over huge areas. It is invariaply marked by
a strong, easily recognized temperature inversion. Consequently the zonal pat-
terns on Figure 2-7 are conveniently separated into lower tropospheric and upper
stratospheric portions.

2230, The Tropospheric Zonal Circulation. The chief characteristic of the
tropospheric zonal circulation in the tropics is its relatively large seasonal
variation, shown by the two parts of Figure 2-7., The seasonal variation is more
marked in the Northern than in the Southern Hemisphere - note also that at corre-
sponding seasons there 1is still a difference in intensity between the Northern
and Southern Hemisphere's zonal flows, These general features are undoubtedly
due to the difference in distribution of land and sea between the hemispheres
and, probably, to the varying positions and elevations of the main mountain
masses. The manner in which these differences in topography and surface heating
are finally realized in the general circulation, however, is not known; this
difficult subject properly belongs to dynamic meteorology and such results as
have been achieved in that science to date are not yet applicable to this portion
of synoptic meteorology. The observeda seasonal and hemispheric variations of the
zonal flows must therefore pe accepted by the forecaster, without detailed explana-
tion as the background against which he delineates the day to day changes which
he studies. No matter what part of the tropics becomes his sphere of operation,
ne will have to take into account the following landmarks of the zonal flow pattern.

2¢31. The Westerly Jet (W;)., This is usually regarded as a high latitude

feature and is often called the "jet stream”. Notice however, that in the mean,
this west-wind maximum lies almost vertically above the place where the zero
isopleth (which marks the anticyclonic axis) cuts the ground. Hence the equator-
ward half of the jet stream system lies within the tropics (as defined in Section
1000}, It 1s, in fact, convenient to treat the vertical boundary of the tropics
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as passing through the anticyclonic axis at the ground and through the center
of the westerly jet aloft. The hemispheric, seasonal and daily variations

in the position and intensity of the westerly jet are sufficiently well Known
to the high latitude forecaster so that this knowledge may be assumed
throughout the text. In passing, however, it should be emphasized that very
large variations in the position of the Northern Hemi<pheric jet are found

1n the Asiatic sector., Sometimes, for long periods, the jet lies south of
the Himalayas; similarly, it may appear to be "split” by that mountain
barrier, one maximum lying north of Tibet, the other south. This splitting
is probably topographic in origin, and thus is distinct from the splitting
sometimes observed over the oceans, a feature propbably due to some kind of
traveling disturbance in the middle troposphere.

2232, The Anticyclonic Axis (A), This is a convenient isopleth to
distinguish on all cross-sections or even on individual horizontal maps since
it has long been discussed in the literature of tropical meteorology. It is
defined as the  zero isopleth separating the higher latitude westerlies
(whether there be a definite jet or not) from the equatorial and the sub-
equatorial easterlies. On contour maps, and on cross-sections showing the
course of tropospheric isobars, this isopleth will lie very clnse to the
ridge of maximum elevation of the contours. The isopleth also is frequently
called the "base of the westerlies” and the variations in its elevation from
day to day over a station should oe carefully watched by the forecasters in
that station for indications of impending changes in the local synoptic
situation.

| Note that the anticyclonic axes of the two hemispheres slope markedly

3 with height toward the equator in the lower troposphere. They approach one
another most closely in the region between 30,000 and 40,000 feet, above
which height they depart again for higher latitudes. The slope toward the
pole is very marked in the neighborhood of the tropopause, so that at quite
high latitudes a thin layer of comparatively strong easterlies 1is often found
just below and at the tropopause. In both hemispheres in the winter the anti-
cyclonic axis is almost vertical between 25,000 and 50,000 feet. This tend-
ency is most marked over kast Asia and the neighboring ocean, during the
prevalence of the north-east monsoon. On some occasions the axis 1is vertical
from about 10,000 feet to 40,000 feet. Probably the same effect exists in
other continental regions, particularly along east coasts, but there are not
sufficient observations to verify this.

2233, The Trade-wind Maximum (ETl; This is a very important feature of
the lowest layers of the tropospheric circulation over the oceans. Its re-
flection at the surface is apparent on figure 2-4., Owing to the effect of
h surface friction, however, the absolute maximum in this lower easterly branch
of the circulation is situated some little distance above ground. Roughly
speaking, one may expect to find the maximum lower easterlies near the 15th
parallel and at 5,000 fect, Note that in the Southern Hemisphere the maxi-
mum retreats almost to 20°S, in the summer and advances close to 10°S. in
winter. In the Northern Hemisphere the section would indicate that the
trade maximum is practically non-existent in summer. This is attributable,
however, to the inclusion of continental statistics in the mean. Over the
l continents, this trade maximum does not exist, peing supplanted by the monsoons;
over the sea, however, the trade maximum will be found. In this respect,
the Southern Hemispheric isopleths are more representative of oceanic
conditions.
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Note that in all seasons the trades decrease in intensity between 10,000
feet and avout 25,000 feet. The minimum easterly over the surface trade max-
imum is usually found at apout 20,000 feet, close to the 300 mb surface.
Jetween the anticyclonic axes of the two hemispheres at 500 mb, in tact, the
mean wind patterns are very indefinite and the wind speeds very weak. This
also is frequently found to be the case on synoptic 500 mb maps, It is ex-
tremely unfortunate for tropical meteorology that the 500 mb map has become
almost standard tor so-called upper air analysis. The tropical contours are
so flat in this transition level and the winds so variable that forecasters
have great ditficulty in keeping contimuity or even in drawing, on some occa-
sions, any pattern at all. In contrast the 830 mb and surface maps are usual-
ly fairly easy to analyze and the patterns at 300 and 200 mb again vecome
more definite, The sections 1llustrate that, of all tropospheric levels those
at 30,000 and 40,000 feet will show, in the mean, the greatest contrasts in
zonal wind speed and hence, with adequate data, will be the easiest to-analyze.

2234, The Easterly Jet (EJLL This is rather an unfortunate term, since
it might mislead the forecaster into supposing that very high wind speeds are
frequently to be tound in this east-wind maximum on all longitudes. However,
the term has recently been introduced into the literature on the basis of
~tudies of upper tropospheric winds in Africa and South-east Asia, and is prob-
anly here to stay. These "jets” must not ve confused with the trade wind
maxima, which are almost always separated from the jets by the transition lay-
er near 20,000 feet as already nentioned. kurther, it is highly probable that
these upper easterly maxima are to be attributed to the dynamic effects of
strong radiational cooling i1n the upper tropical troposphere, a cooling that
sometimes results in temperatures 4s low as -91° ¢ veing recorded at the trop-
ical tropopause; the easterlies of the trade winds cannot be explained in this

way.

The easterly jet is best developed in the summer hemisphere., The
sections overemphasize this variation, however, chiefly because continental
statistics have been included. Over Southeast Asia and Central Africa (and to
a lesser degree over Australia) very high east winds in the easterly jet re-
gion may persist for days or weeks., Speeds in excess of 60 knots are not uncom-
mon. The only oceanic section that clearly shows the jets is that across the
Central Pacific. Here the seasonal variation, and the extreme speeds reached
on occasion are not nearly as great., Very little information is available from
the Atlantic. The most recent statistics are those derived from the German
"Meteor” expedition, 1925-1927, These statistics indicate that westerly winds
are frequently tound at these altitudes even on the equator. However, all the
observations were made by pilot balloon and very few (by comparison with rawin-
sonde) reached these levels over the two year period. The selectivity of the
pilot palloon undoubtedly operated to make the "Meteor” results statistically
represent the common "equatorial westerly” situation to be described in the
next section. On the other hand, one must conclude from the "Meteor” results
that the easterly jets over the atlantic do not reach the strength of those
over Central Africa and Southeast Asia.

2235, The Equatorial Minimum. (M). Despite large seasonal variations,

the zonal circulation shown on Figure 2-7 has a qualitative symmetry. There
are two westerly jets, two easterly jets and two trade wind maxima. Between
the trade wind maxima in the lower layers, and between the easterly jets aloft
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lies a region of minimum east wind which acts roughly as a quasi-vertical
axis of symmetry, this separates the regions of maximum zonai flow in one
hemisphere from those in the other. This region has been given many names
during the past two centuries. At the surface it was first knuwn as the
"doldrums”, a term stil) in common use but largely supplanted among syn-
optic meteorologists by names like "equatorial front”, "intertropical
front”, “intertropical convergence zone”, all of which imply some theory
concerning the origin and maintenance of the surface wind speed minimum.
These terms also have been applied to the minimum aloft, especially the
names which imply that the speed minimum is a sloping frontal surface.

for some time the term “meteorological egquator” seemed to fulfili the
requirements for a non-commital term, distinguishing the whole system both
at the surface and aloft, from the geographical equator. However, the
concept became confused in the minds of some meteorologists with the so-
called heat equator and thus became l}loaded with theoretical implications.
So, we are forced to use the clumsy term "equatorial minimum” or "equator-
ial wind speed minimum” to avoid theoretical implications, even though at
high levels, in the stratosphere, the axis of symmetry is marked, not by
wind speed minima, but by maxima, westerly below and easterly above,

The leading characteristic of the equatorial minimum is not so much
the low wind speeds but the variability both in speed and direction of
the winds in its neighborhood. This was also the leuding feature of the
classical description of the surface doldrums - we now find that the same
properties belong to the region aloft. The statistical representation of
the axis in the troposphere, shown in figure 2-7, then, is not to be re-
garded too seriously. On certain longitudes and in certain seasons, one
may find the axis marked, not by weak easterly winds, but by moderate west
winds; moreover, sometimes these west winds may be found close to the surface,
being overlaid by weak easterlies aloft, or, on other longitudes, these
"equatorial westerlies” may be present aloft, superithposed on weak easter-
lies- below. It has recently been found that, in the same month and the
same locality, the winds in the equatorial minimum above 20,000 feet may
be, in the mean, exactly opposite in direction in two different years.
Before any statement can be made about the mean wind directions =l1oft in
this region, it will be necessary to collect rawin data extending over
many years. In the meantime, the forecaster has the valuable information
that, in contrast to other parts of the tropical zonal circwl:tion, this
equatorial minimum is a highly variable region, the seat of many disturb-
ances of synoptic importance - not only at the surface, as has long been
known, but also aloft, even up to the tropopause.

2240, The Stratospheric Zonal Circulation: The chief characteristic
of the stratospheric zonal circulation in the tropics is its small season-
al variation. The steadiness of the wind in the two main maxima over the
equator is quite astonishing, exceeding that of the surface trades for
months at a time. On the other hand the heights at which these maxima are
found, and their intensity, vary from year to year, suggesting long-period
variations in the stratospheric circulation,

Normally, the tropical synoptician is not required to forecast changes
in the stratospheric circulation. PFurther, much less is known about this
region than about the troposphere. However, for interest, and to give a
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tentative picture of the present state of research in this field the follow-
ing quotation from a recent paper (Palmer 1954) on the suoject is presented.

"Knowledge of the tropical stratospheric circulation begins on 27 August
1883, when the great volcanic eruption of Krakatoa (6° 9' S., 105° 22’ E,.)
nplew a cloud ot tine dust through the sub-equatorial tropopause, The main
bpody of the cloud lay initially at 32 Km. (105,000 feet, Y mb.); by the early
part of September, 1t had descended to 25 km. (75,000 feet, 35 mb.) and it
remalned near that level until late November 1883 (Pernter, 1889). Wexler's
(19Y51) excellent summary of 1its history states '..... the main body of the
¢loud moved trom east to west at an average speed of 74 miles per hour, com-
pleting at least two circuits of the earth 1in equatorial latitudes.’ Although
unt1] very recently, extensive data suitable for statistical analysis have been
lacking, most of the sporadic opbservations in the past 60 years that refer to
the 30 km. Jevel in sub-equatorial and equatorial regions have confirmed the
existence of the 'Krakatoa winds' ( a term due to Van Bemmelen 1924) as a per-
sistent part of the general stratospheric circulation (EK)""' this general
atmospheric motion may be detined as (1) confined to the tropics, being pre-
valent usually petween 15°N and 15°5; (2) predominantly zonal, from the east;
(3) ot high speed, varying about 30 m/s; (4) prevalent on all longitudes so tar
explored .....; and (5) prevalent from at least 30 km, to as high as the high-
¢st balloon soundings extend, which may be taken as about 40 km..... Van
Bemmelen not only 1dentified the Krakatoa winds as part of the general circu-
lation but also described what he called the 'hoher westwind’ already mentioncd;
this system was tirst observed near Central Africa in 1909 by Berson.... they
will be called the Berson westerlies (WB). Since they occur at stratospheric
levels lower than those of the Krakatoa winds, much more is known about them.
They constitute a narrow ' thread’ of steady west winds whose axis lies at
about 2°N., and whose base usually lies near 20 kw.; the upper transition to
the Krakatoa winds varies trom month to month and year %to year. Latitudinally,
the westerlies rarely extend more than 7° on either side of 2°North, and often
the thread 1is much narrower than this. lhey are, however, worldwide, extend-
1ng, like the Krakatoa winds, as a ring around the equator. The atomic test
data show their presence (Palmer 1951b; Korshover 1954 a,b); they have recent-
lv been reported from Singapore (May, 1953); their prevalence near the equator
1in Italian Somaliland has been suspected for some time (Bossolasco 1949). In
the Pacific, it is now known that they extend at least as far as Palmyra and
Canton Island (Palmer 1951b), near longitude 160°W, Information from equator-
ial America, unfortunately, is still lacking, but their presence over the
equatorial Atlantic is suggested by one of the cross-sections Vuorela (1930)."

2250, Transition Levels of the Tropical Upper Air. Detailed climatolo-
gical studies of the upper winds in the Marshall Islands are now available
(Pulmer 1951o, Korshover 1954 a,b). These studies were made possible by the
availabillity of data from the recent atomic testing periods in the Pacific,
und they are considered to be the most comprehensive study of this kind ever
attempted in the tropics. Naturally, these studies cover only a small area,
not much larger than the United States, but there are certain facts and corre-
lations that may be drawn from them that appear to apply to the tropics general-
iv. Une of the most important ot these concerns the steadiness of the upper
winds. Figure 2-8 constitutes a cross-section of four stations in the Marshall
Island area and illustrates the steadiness of the upper winds uat Kusaie, Kwaj-
alel1n, Eniwetok and %“ake.

18




2250,

The steadiness of the wind is defined as the ratio of the speed of the
resultant mean wind to the mean wind speed irrespective of direction. Thus,
if the wind always blows from the same direction, the steadiness is 100%.

At each station, two curves (October 1952 and February 1954) are presented,
At first glance, the curves seem to have little if any similarity, excepting
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the curves in the troposphere at Eniwetok. Closer inspection reveals several
important facts:

The 30,000 foot level at Kusaie shows 10% steadiness in October, as
compared with 86% in February. This clearly illustrates the magnitude of
the variation in steadiness which can occur in the middle troposphere. T

The curves between 20,000 feet and 50,000 feet at Kwajalein are sig-
nificant tn that they indicate bow the levels of steadiness, or unsteadi-
ness, are apt to cthange with time.

The curves at Eniwetok are similar in the troposphere, but the most
marked change in both height and percentage of steadiness in the strato-
sphere (between 55,000 and 90,000 feet) occurs here.

The curves at Wake are presented primarily to point out the matked
changes in steadiness below 10,000 feet that can occur in a region nor
mally occupied by the trades.

In summary, the maximum or minimum steadiness of the winds, in the cen-

tral tropical Pacific at least, do not consistently lie at any particular
level in the atmosphere,
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The meteorologist first faced with the problem of analysis and forecast-
ing of upper winds at one or two standard levels in the tropics 1is often
appalled at the apparent unsteadiness of thcse winds., If he is accustomed to
notions of continulty applicable to analysis and prognosis of winds at stand-
ard levels in middle latitudes, he can see little rhyme or reason to the changes
of wind direction and speed that may suddenly occur at similar levels in the
tropical upper air. The tropical forecaster now recognizes these rapid changes
of wind direction and wind speed to be associated with the "“shearor "tran-
sition” level between two separate and distinct wind circulations, one over-
lying the other. In the tropics, these wind circulations are usually defined
in their zonal sense, as easterlies or westerlies; of course, meridional com-
ponents also exist. The zonal component of the wind at Kusaie, shown on the
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Fig. &-9. Zonal component of the wind at Kusaie in knots, October 1952 (solid)

and February 1954 (dashed}, at left. Steadiness of the wind at
Kusaie in per cent, October 1952 (solid), February 1954 (dashed), at
right,

left of figure 2-9, illustrates these shear levels and wind circulations very
distinctly. Here the zonal component of the mean wind shifts from easterly
to westerly, or vice-versa, at points B, D, ¥, Y and F.

The wind circulations over restricted regions then have a "layer-like"
appearance, FEach layer will appear to have fairly strong winds blowing from
a nearly uniform direction, (This direction may change with time, and the
implication that winds of a given direction are always to be found at a given
level is not 1ntended). In the center, or core, of each layer, illustrated
by points A, U, C, V, X, E, G and Z, we usually find the highest wind speed
values. [he layers can be quite persistent, often being present at varying
levels over a specific area, throughout the entire year, and both these layers
and the transition levels may become evident when comparing reports from air-
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craft flying along a fixed route, but at levels that differ as little as
1,000 teet. When plotted together, the reports show a jumble of wind di-
rections, but when separated according to the height of the aircraft, the
winds are likely to show different, but consistent, patterns of the wind
flow (see section 4620). The nearby rawins will indicate that the flight
levels of the aircraft are within the zone of transition.

A final correlation may be drawn by further examining the graphs in
figure 2-9, \When compared, these graphs point out two very useful features:

The coincidence of high values of steadiness is tound at the same
levels in the atmosphere as the corresponding high values of the zonal
component of the wind. This is demonstrated when comparing points A
with A', U with U', C with C*, V with V', X with X', and E with E',

The coincidence of low values of steadiness is found at the same
levels in the atmosphere as the corresponding low values of the zonal
component of the wind. This is demonstrated when comparing points B
with B, U with D', W with W', Y with Y' and F with F'.

Briefly, then, the comparative zonal wind speeds are indicative of the
levels of steadiness and unsteadiness of the winds in the tropical atmosphere.
Such information may be used to advantage by the forecaster in determining
those levels of the atmosphere where the winds will more clearly represent
the upper wind patterns,

2300, CLIMATOLOGY OF THE FIELD OF COMPOSITION

The phrase "field of composition” is adapted to replace a term from a
publication by V. Bjerknes (1911) in which he used the phrase, “field of
humidity”. This field included all of the meteorological elements such as
cloud, precipitation, visibility and dewpoint, most of which depend on the
distribution of water substance and which the modern meteorologist loosely
terms "weather”. Since that time, the word "humidity” has acquired a more
specific meaning and is no longer used in the sense that it refers to these
many forms of water substance. It was for this reason that we described
this field as the "field of composition”. Specifically, it is meant to in-
clude all of the meteorological elements indicating the presence of water
substance in any of its three states of:

Liquid, (rainfall, cloud forms and fog)

Solid, (ice crystals in various forms)

Vapor, (dewpoint, mixing ratio and relative humidity)
and the polution of the air during its movement over water surfaces (salt
particles), and land surfaces (dust, smoke and other foreign particles).

In contrast to the field of motion, a great deal of information regard-
ing the field of composition in the tropics is available to the statistician.
Most of this information, which has been observed and recorded since the
middle of the nineteenth century, is in the form of statistics on cloud
structure and cloud cover, precipitation, visibility and dewpoint, as ob-
served from the surface of the earth., In comparison, much less is known
about the moisture distribution in the upper air. Convection in the tropics
is highly cellular. Radiosonde flights through convective clouds will pro-
vide different data from those taken in the adjacent subsiding layers and
neither will be representative of the mean stratification. In view of these
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deficiencies, the distribution of moisture aloft, presented here, will not
be consldered entirely representative.

The United States Weather Bureau, in 1938, published an excellent set
of climatological charts showing the seasonal cloud distribution over the
oceans, These charts were based upon more than 5% million ship observations
taken over a period of 50 years, and they still constitute the most compre-
hensive work of this nature in existence. Many of tht -aarts will be pre-
sented in this section in a modified form. The modification deals only with
the method of presentation; the data remain the same.

Since most of the tropical atmosphere lies over water, the charts may
be considered representative of the greater portion of the tropics. It is
unfortunate that simi.ar charts have not been compiled for all land areas.
In some cases, statistics have been available for both land and water areas,
and these have been included wherever possible.

2310, Tropical Cloud Distribution. A popular conception of the cloud
distribution in the tropics pictures the equatorial regions as a tremendous
factory incessantly producing cumulonimbi which, because of the height of the
tropopause, rise to spectacular heights. This 1s true only of certain regions.
All types of high, middle and luw clouds are present in tropical regions;
some are reported infrequently, while others, in certain localities, are
often present every day of the year. The record shows that cumulonimbi are
more common in the tropics than in polar regions, but it also shows that,
except for such places as Central Africa, Southeast Asia and Indonesia, the
Amazon Valley and the Southern United States, the cumulonimbus is the excep-
tional cloud, rather tnhan the most common. In fact, certain equatorial regions
are known to report fewy, if any, cumulonimbi throughout the year. Cumulus,
in one or another of its many forms, is the predominant tropical cloud.

The climatology of the tropical clouds, like those in middle and high
latitudes, may be divided into two parts; (1) climatology of clouds over the
oceans and, (2) climatology of clouds over land. The orographic effect of
islands upon the type and form of cloud cover is even more pronounced in the
tropical oceanic regions than elsewhere. The higher mean temperatures of
tropical air, with its greater capacity to hold water vapor, results in oro-
graphic cloud with even the slightest forced lifting. Another factor govern-
ing oceanic cloudiness in the tropics is the strength and height of the trade
inversion. The moisture content of the air above the trade inversion decreases
markedly, and the strong stability at the inversion effectively limits the
vertical extent and development of the clouds. Finally, the absence of a
variety of air masses of different origin eliminates the association between
fronts and clouds that is so pronounced at higher latitudes and leaves us
with only the basic differences between the air mass clouds over land and
those over water surfaces.

2311, Mean Cloudiness. Cloudiness is measured in terms of the amount
of sky covered by clouds as seen by an observer at the surface of the earth.
Until recently, it has usually been represented in tenths of the total area
of the sky. This must be remembered in interpreting mean values of cloudi-
ness; thus, if a station is either completely cloudless half of the time and
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completely overcast (10/10ths) the rest of the time, the mean value will be
near 5/10ths, 2ven though this value may occur infrequently, if at all. The
mean cloudiness, then, cannot be used uncritically as a forecasting aid.

The frequency of occurrence of each amount of sky cover is, if available,

a much more valuable aid (see section 2100),

The latitudinal distribution of mean cloudiness in the tropics is shown
in table 2-1, Here, it is clear that a maximum of cloudiness occurs in the
immediate vicinity of the equator
near the normal position of the
equatorial trough, while a min-

T T
LATITUDE 50"40140"30'30"20"””0‘1‘!0"0‘ imum occurs near 25° North and
NORTHERN _ HEMISPHERE South.. near the latltude‘normally
OCEAN 66 | 52 9 53 | 83 occupied by the sub-tropical
LAND 50 | 40 34 40 52 anticyclonic belt. The principal
MEAN 56 45 4 a7 | 53 maximum ot cloudin:ss occurs at
S P e S - higher latitudes, and this is
S:g" :: :; :: :: " ;’: due primarily to frontal cloud
MEAN 66 | 54 | a8 a8 | 52 systems well beyond the normal
tropical limits,
Table 2-1. A‘nnual means of vhe ?,:OUd- Maps of the distribution of
énzsz' én per)cenf. fter cloudiness over the earth during
.£.P. Brooks January and July are shown in

figure 2-10, These maps show the

mean cloudiness for those months in tenths.

Lt

Fig. 2-10. Mean cloudiness for January (above) and July (below) in tenths.

23




P ———

2311, - 2312,

Figure 2-10 has the foirlowing features ot interest to the forecaster:
As in table 2-1, the maximum cloudiness is found along the equator,
and the minimum is found along the sub-tropical anticyclonic belts.
Cloudiness on the whole is greater over the oceans than over land.
The latitudinal distribution of cloud roughly parallels that of pre-
cipitation, as shown in figure 2-17,
The seasonal variation of cloudiness can be very pronounced in areas
affected by monsoons.
—
2312, Distribution of High (Cirriform) Clouds. Prior to the "jet age”,
the presence of high clouds was a matter of theoretical interest, but it pre-
sented no hazard to normal aircraft operations.

The current operating level of jet-type aircraft in the tropics has now
surpassed 30,000 feet, and, since the average height of the cirriform clouds
in the tropics lies roughly between 30,000 and 40,000 feet, the forecaster
now has to predict their distribut:on, The first question is, of course,
"What is the seasonal distribution of these clouds?”. Figure 2-11 shows the
average frequency of high cloud cover over the oceans for the winter and sum-
mer seasons, in per cent. Here, no attempt is made to separate the various
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Fig. 2-11. Average frequency of high clouds (cirrus, cirrostratus and cirro-
cumulus) for the seasons'. December, January and February (above),
June, July and August (below), in percent,

forms of cirrus. Instead, they have all been grouped together and presented
as a singte type of cloud. Also, the values indicated in this figure are
probably suspect, since the statistics were based upon observations taken at
Greenwich Meridian Noon time. This means that many observations in the Pacif-
ic were taken in darkness, and certain forms cf cirrus are extremely difficult
to observe at night., Further, this distribution is conditioned by the amount
of low cloud cover. Obviously, if the sky is covered with low clouds, even a

24




2312, - 2313.

cirrostratus overcast would not be visible to an observer on the ground
and consequently would not be reported..

Figure 2-11 indicates four climatological features:
Cirriform clouds in varying amounts are found everywhere in the
oceanic tropics.
Isolated maxima of high clondiness are found near the equator,
some of which may be attributed to the prevalence of the anvil tops
of cumulonimbus clouds.
Cirrus is found more frequently over the tropical Atlantic and
Indian Oceans than over the tropical Pacific. This does not agree
with synoptic experience; it is probably the result of compiling the
statistics only from observations taken at 1200 GCT (night in the Pacific).
An overall seasonal variation of high cloudiness is not.evident
in the tropics. Certain localities, such as Northern Australia, the
South Indian Ocean and the west coast of Africa, experience seasonal
changes, but these are not large enough to be considered representative

of the tropics as a whole,

2313, Distribution of Middle Clouds. All varieties of altostratus and
altocumulus clouds will be classified as middle clouds in this section. Fig-
ure 2-12 will give the reader an idea of the frequency of occurrence of these
clouds in the winter and summer seasons. As with the cirriform clouds, the

IO'Ng! 0% 100°¢ LZI?(! .ll

A M
100° 0w

Fig. 2-12. Average frequency of middle cloud types (altostratus and alto-
cumulus) for the seasons. December, January and February (above)

and June, July and August (below). in percent.
percentage frequency with which middlc clouds are reported may be somewhat

low., This is due, primarily, to the inability of the observer t: report
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these clouds when the sky is covered with lower clouds. The main climatic
teatures of the middle clouds are:
Middle clouds are likely to be found everywhere in the tropics and
in any season of the year.
No appreciable seasonal variation occurs 1in the global distribution.
No pronounced minimum or maximum of middle cloudiness is evident
along any particular latitude in the tropics.
A slight tendency exists for minima and maxima to occur galong cer-
tain meridians in the Central Atlantic and the Eastern Pacific Oceans.

2314. Distribution of Low Clouds. The final cloud category is that of
the low clouds. This includes the many forms of cumulus and stratus whose
pases are usually found below 10,000 feet. Because of the marked differences
in the mode of formation and the appearance of the different varieties of low
clouds, they have been separated into three primary categories; (1) cumulus,
(2) stratus and stratocumulus, and (3) cumulonimbus.

Of all forms of cloudiness, the low cloud still commands the greater
portion of the forecaster's attention. In many tropical areas, an increase,
decrease or change in form of low cloudiness is often an indication that the
"“normal” weather and cloud pattern will be disturbed. Since the most pre-
dominant clouds are the low clouds, importance is usually placed upon fore-
casts of their distribution, amount and thickness. The pilot, especially, is
still concerned with low clouds and their attendant precipitation,

It is not uncommon for the bases of cumuli and cumulonimbi to decrease
a thousand feet or more while precipitation is in progress. Even in oceanic
regions in the tropics, ceilings during precipitation are often reported below
one thousand feet MSL. This lowering of cloud base, when combined with the
usual poor visibility in moderate or heavy precipitation, still presents a
definite hazard to the pilot making visual approaches sand landings.

The average frequency of the occurrence of cumulus clouds over the trop-
ical oceans for the winter and summer seasons is presented on the next page
in figure 2-13. The reader is cautioned to remember that the data presented
in figure 2-13 do not include the distribution of cumulonimbi. A separate
figure, (Figure 2-14) shows the frequency of occurrence of cumulonimbi.

Cumulus is the predominant cloud in the tropics. In fact, its average
frequency is significantly greater here than anywhere on earth. In some
tropical areas, cumulus clcuds are present almost every day of the year.

Figure 2-13 shows that cumulus clouds occur more frequently in the Atlan-
tic and Indian Oceans than in the Pacific, but, on synoptic grounds, this
indication is suspect. Some evidence exists that local increases in frequency
of these clouds, in the tropics, tend to correspond to the seasonal shifts of
the equatorial trough line, but this is not enough to change the locations
of the larger minima and maxima. The remainder of the seasonal changes are
largely local in nature. The east coast of Africa, northwest of Madagascar,
shows just such a change. Here, the percentage frequ2ncy increases from less
than twenty per cent in winter to over fifty per c-nt in summer.



Fig. 2-13. Average frequency of cumulus clouds for the seasons. Dec.,
Jan., Feb., (above) and Jun., Jul., Aug., (below),in percent.

The average frequency of cumulonimbus over the tropical oceans for the
winter and summer scasons is presented in figure 2-14, Over the open ocean

Fig. 2-14, Average frequency of cumulonimbus clouds for the seasons.
Dec., Jan., reb., (abave) and Jun., Jul., Aug., (below),in percent.
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cumulonimbi are most often found in the vicinity of tropical disturbances,
while near and over the larger islands or land masses they are orographical-
ly produced. Figure 2-14 emphasizes the point that cumulonimbus clouds can
be found everywhere in the tropics. The tropical Atlantic Ocean, however,
shows remarkably few cumulonimbi in comparison to the other tropical oceans.
The Central and Western Pacific Ocean shows the greatest frequency through-
out the year. This maximum in the Pacific shows a remarkable relation to
the average tracks of storms and typhoons (Figure 7-8 ). This is especially
noticeable in the Western Pacific in summer, where the frequency shows a
marked increase along latitude 10°N, To some extent, the same association
with storm tracks is present in the South-central Pacific Ocean and in the
Caribbean, The lack of seasonal variation of cumulonimbus clouds is not
nearly as evident as with the cumulus, as shown in figure 2-13, For example,
the occurrence of cumulonimbi in the Indian Ocean appears to be proportion-
al to the development of the monsoon. In the Pacific, a definite muximum
occurs in both hemispheres in the summe: season. Central America and the
adjacent oceans show cumulonimbi occuring twice as often in summer as in
winter. The seasonal changes in the tropical Atlantic are considered to be
insignificant.

The average frequency of stratus and stratocumulus over the tropical
oceans for the winter and summer seasons is presented in figure 2-15,

Fig. 2-15. Average frequency of stratus and stratocumulus for the seasons.
Dec., Jan., Feb., (above) and Jun., Jul., Aug., (belowl), in percent.

Because of their similarity, stratus and stratocumulus have been grouped to-

gether. The figure shows that these clouds are rare in the tropics. The
small percentage frequency may be considered an overall minimum, since the
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shaded areas indicating over 20 per cent frequency occur at higher latitudes
and effectively surround the tropics. In low latitudes, these clouds usual-
ly occur in conjunction with cumulonimbus and cumulus-congestus, mostly in
patches; they hardly ever cover the sky from horizon to horizon. At higher
tropical latitudes, forms of stratocumulus are sometimes associated with
frontal structures that have penetrated the edge of the tropics. In such
cases, the normal trade winds are disrupted, and the air masses involved

are not truly tropical. The last significant feature shown by figure 2-15
is the lack of any seasonal effect upon the occurrence of ihese clouds.

2320, Tropical Rainfall Distribution. The general belief that frequent
and heavy precipitation is one of the major characteristics of the tropics
is only partially true. While it is a fact that the tropics as a whole re-
ceive more rainfall than other portions of the earth, the climatological
record also shows that the annual amount of rainfall within its boundaries
varies tremendously, both in time and space., The magnitude of these variations
can be as much as 300 inches annually between two stations 70 miles apart. On
a broader scale, another such variation 1s evident when comparing the annual

amount of rainfall along the equator in Central Africa, as shown in figure
2-117,

As an example of a large time-variation in total rainfall we may compare
two January rains et Fanning Island, lying 4° North in the Central Pacific,
In January 1942, a total of 20,07 inches of rain fell at this station; the
January 1943 total was 0.13 inches. Here there is no possibility of oro-
graphic determination of the rain, since the island is a small, low-lying
atoll.

2321, Annual Rainfall Distribution. The zone of maximum rainfall in the
tropics roughly lies along the equa-
torial trough; the minima lie along
the usual position of the sub-tropic-
al anticyclonic belt. Figure 2-186
shows these features very distinctly.
Here the zonal distribution of annual
precipitation, whether it be over land
or water, shows a maximum very close
to the equator. Secondary maxima are
found near 50°N, and S., and are very
likely due to the cyclone tracks in
the belts of the polar westerlies.
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The tropics may be considered to
consist of three basic rainfall regimes
(1) in the vicinity of the equatorial
trough, characterized by rain at all
seasons of the year, (2) in the trades,
characterized by summer rains and dry
winters, and (3) in_the sub-tropjcal
anticyclonic belt, characterized by
dryness at all seasons of the year,
Fig. 2-16. Zonal Distribution of Naturally, these regimes give only a

annual precipitation, very broad indication of the zonal
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distribution of total precipitation. Specifically, within each region, the
rainfall in any year may or may not fall within the scheme of classification.
Statistics show that the Northern Hemisphere receives only two-thirds of its
rainfall equatorward of 30°N.,, and the Southern Hemisphere receives even less
in the equivalent area. This is partially due to the fact that the average
position of the equatnzial trough lies in the Northern Hemisphere and coin-
cides with the mean zonal rainfall maximum. In the sub-tropics, the rainfall
is found to be very nearly equal in either hemisphere. Figure 2-17 illus-
trates the patterns of minima and maxima of the annual precipitation. All

Fig. 2-17. Annual precipitation, in inches.

areas showing greater than 40 inches of rainfall per year are shaded. This
shading can be traced around the earth near the equator, and individual max-
ima of over 100 inches are evident at frequent intervals in this belt. Sim-
{larly, a dry zone extends from Iran and Afghanistan, through the Arabilan
Desert and the Sahara, far out into the North Atlantic. In the Western Hem-
isphere, the dry regions of Mexico and the Southwestern United States form

a part of this dry belt. In the Southern Hemisphere, the driest parts of

the dry belt are found over Western Australia, South Africa and South America.
A marked dry zone is situated just south of the equator in the Central Pacific.
During the summer in the Northern Hemisphere, an area of heavy rainfall along
the equatorial trough is bordered on its south side by an arid zonme. The
width of this dry zone is only a few degrees in latitude. These wet and dry
belts are often interrupted by zones of higher or lower rainfall areas. A
good example of this may also be seen in figure 2-17; the wet "“tongues” on
the western ends of the oceans in either hemisphere appear to extend pole-
ward from the equatorial regions through the dry belts.

Indications of strong climatic gradients are evident when examining the
isohyets at the boundary of the equatorial trough zone. shifts of the average posi-
tion of this zone of as little as 2 to 3 degrees of latitude from one year
to the next can produce extreme rainfall differences in the marginal areas.

2322, Seasonal Variation of Tropical Rainfall. The latitudinal profiles
of rainfall, averaged by season over all longitudes, (Figure 2-18 A) show that,
except in the neighborhood of the equator, rainfall in the warm season tends
to exceed that in the cool season. When the continental and oceanic profiles
are separated for each season, (Figures 2-18 B and 2-138 C), the migration of
the rainfall associated with the equatorial trough is particularly evident in
the continental profile. In the southern rainy season, the rainfall maximum
over land occurs much farther south than the oceanic maximum (Figure 2-18 B).
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Fig. 2-18. Latitudinal orcfiles of rainfall, in centimetars per season,
Loft: Dec., to Feb. and Jun. to Aug. Center: Dec. to Feb.,
oceans and centinents senarated, Right: Jun. to Auc., oceans
and continents separated.

The coincidence of rainftall maaxima with the migrating equatorial trough
leads to other seasonal correlations which are sutstantiated in principle by
statistics from selected tropical stations around the earth. These show thut
as the trough reaches its extreme north and south latitudes in darch and August,
the equatorial margins of the trade-wind pelt experience a single raintall max-
imum, as shown in figure C-13, Nearer the equator, where the trough passes any
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Khartoum, 16°N, 32°E Suva, 18°S, 178°E

Fig. 2-19. Menthly rainfall at Khartoum, Anglo Egyotian Sujan, and Suva,
Fiji Islands, in centimeters.

latitude circle twice annually, one finds two ruinfall maxima. At any long-
itude where the trough 1s found to oscillate nore or less symmetrically about
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the equator, the heaviest ralntall 1s usually tound near the equator trom
arch to May and vctover to Novempber (Flgure c-<U),
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Fic. €-20, ‘Monthly rainfall at Libreville, Frenck Equatorial Africa, and
“enanc, Feleration of Valaya, in centireters.

Uutwardly, thls appeuars to ope a very sinple exvlanation for the season-
al difterences 1n troplcal raintall. Untortunately, the position and motion
ot the equatourial trough at difterent longitudes around tne earth is often
vague and irregular, In addition, dynamlc eftects in the upper troposphere,
including a clouse linkage of the tropical circulation with events in high
latitudes, exerclse an important influence (Section «<420). Considerable var-
1utions 1n the seasonal rainfall may then be expected trom one purt of the
tropics to the other, Thils variupility is low where the raintall is high,
and hilgh where the raintall 1s low,

Another departure from the seasonal varlations shown on the protiles
stems from the location ot continents and oceans, In mdnsoon areas, 4air
tends to tlow trom land surfaces toward water in wilnter, and trom water sur-
faces to land in summer, and the pronounced seasonal variation 1n raintall in
such areas is sttrivuted by climatologists to the orugrauphic effects ot season-
al shltts in the monsoon winds, The souuthwest wonsoon 1u srorthern lndia indi-
cates a single maxtmun ot raintall trom June to septemver, but Colombo, Ceylon,
(7°N.) near the scutnern tip ot India, hus Jdistinct double maxima occurring in
44y and vctobper. These naxima are attriouted to the arrival and departure ot
the Southwest Monsoon in India. hLowever, it is very dJditficult to apply such
explanations to synoptlc maps, tor eaample, in Jurmu, short periods of heavy
raln 1n the douthwest wonsoon otten occur at times when the surtace winds
might be expected tu suttfer the least orographic uplitt. In summary, a season-
al trend 1n troptical raintall 1s very evident statistically, but this trend
may be s0 masked or distorted that it 1s ot little practical use in daily fore-
casting.

2323,  Diurnal Variation of Tropicul Raintall. Tropical rainfall is sub-
ject to strong diurnal variations. This is particularly true over and near
the coasts of the larger land musses where the land and sea-breeze regime
soverns the diurnal course ot cloudiness and raintall. liere the tormation
and motion ot the clouds determine tne location and time of the rainfall. The
morning is wgenerally cloudless, with small cumulus beginning to form inland.
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vuring the remailnder of the morning and early afternoon the cloudiness con-

tinues to increase and showers begin to fall.

It is at c¢his time, when the

sea-breeze is best developed, that the maximum rainfall occurs over the land

area. In the Jute atternoon and early evening,
pate inland and move or reform slightly offshore,

the clouds tend to dissi-
where they reach maainum

development at night when the land-breeze is strongest. Here again, a ralin-
fall maximum occurs, but it is now tound over the water., This pattern, with
slight deviations, is otten found to be guite regular in the tropics. If
such characteristics ot raintall at a given station are identifiea, it 1is
possible to make extremely accuruate torecasts ot the time and location ot

local rainfall.

The diurnal variation ot raintall over the oceans is a subject of some

doubt, Haurwitz and Austin (iv4d) flatly state that the maximum occurs dur-
ing the night or early morning, opecause convectlve activity over the oceans is
greater at night than during the day. Riehl (Jud4), implies that in the areas
of trade-inversions, the increase of low-level wind speeds and lowering ot the
trade-i1nversion at night would decrease the vertical thickness of the trade

cumuli, a trend not easy tu reconcile with an

increase in precipitation. Un-

t1l further evidence 1s presented, the practicink meteorologist should be
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Fig. 2-21. Mean annual rainfall, in inches,
Island of Hawaii. (Logarithmic
spbacing of isohyets).

cautious in assuming that
raintall over tne open
ocean reaches 1ts maximum
at night.

The diurnal distribution
of rainfall over the interior
of continents generally has a
maximum in tte afternoon and a
minimum during the night or
in the morning. A large por-
tion of the precinsitation
occurs In the form of convec-
tive showers and, since the
tropics are subject to very
inten.e solar radiation, the
diurnal variation in convec-
tive activity is large.

2324, The Urographic
kEffects upon Tropical Rain-
fall, The exposure of any
individual weather observing
station, with relation to
the local topography, often
determines both the total
annual raintall and its sea-
sonal course. IlFigure ¢-21
is a particularly good ex-
ample of how the total annual
rainfall on the Island of
hawail is dependent upon the
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topography. This island is located in an area where the prevailing trade wind is
from the northeast. The island consists of two mountains, each peak near 14,000
feet apove MSu, oriented alrost normal to the mean wind flow. The 320 inch isohyet
is located at an elevation of 3,000 feet on the eastern side of the island, indi-
cating that the maximum precipitation occurs here pefore the air completes its
trajectory over the mountains. In contrast, almost the entire west coast of this
island, lying in the lee of the mountains, averages less than 40 inches of rain
per year. This tremendous contrast is found within a distance of 70 miles, and
clearly illustrates how the topography can influence tropical rainfall. naturally,
tne magnitude of the difference in rainfall amounts varies from place to place,
and it 1s impossiole to arrive at any general principle. The meteorologist must
be familiar with the topography ot, and the climatological statistics for, th:
narticular areas or stations for which he forecasts. Maps of mean rainfall, par-
ticularly 1f the rain is classified py season or taken in conjunction with data
on prevailing winds, constitute one of the most valuable forecasting tools provi-

ded by climatology. They indicate the regions of reinforcement and diminution

of rain accompanying the traveling disturoances.

2325. Seasonal Freguency of the Various Forms of Precipitation. Until now,
no distinction between the various types of precipitation has pbeen introduced
into the discussion. Familiarity with the normal distribution of these types,
however, can be a valuable analytic aid 1n the forecast room. The widespread
occurrence of urec1pltat10n forws which are statistically infrequent indicates
that some type of synoptic cisturbance may be in the area, even though at firsu
sight the surface wind or pressure patterns seem to be undisturoed. For example,
the occurrence of widespread thunderstorms in the trade-wind area southwest of
the Hawaiian Islands micht be the first indication of an upper level cyclone
approaching the Islands. The surtace winds in the area might show little change
in direction from the "normal” trades, the only surface indication of a disturpance
peing a lessening of wind speed. Data on the upper winds probably would be lack-
1ng, so that the only indication of the upper disturbance would be a systematic
arrangement of thunderstorms reported over an extensive area where normally the
prevailing precipitation form would be the passing cumulus shower. On the other
hand, in Indonesia, the suppression of the characteristic, widespread orographic
thunderstorms would lead a forecaster working in that area to suspect some type
of atmospheric disturbance in the neighberhood, particularly a disturbance ac-
companied by widespread descending motion in the middle troposphere.

The next four figures show the average frequency distribution, in per cent,
of the varicus forms of rair observed at 1200 G.C.T.

The average frequency of rain in whatever form, (Fig. 2-22) shows that the
highest frequency of rain occurs in a belt near the equator, roughly coinciding
with the average position of the equatorial trough. Here also, can be seen two
belts of low frequency that extend around the earth in the usual position of the
tropical anticyclonic belts of both hemisphneres.

The seasonal changes, except those areas affected by monsoons, are for the
most part, slight. The monsoon is plainly evident over India and Burma, where
the average frequency ranges from a value of less than 5% in December, January,
and February, to a value of over 35% in June, July and August. Noticeabple
minima of rainfall lie just south of the equator (between the equator and 10°
South) in the eastern portion of the Central Pacific., There is a tendency for
a frey 'ency maximum to be oriented along a line roughly coinciding with the
average tracks of tropical cyclone . This is particularly true along a line
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Fig. 2-22.

q

Fig. ¢-23.

2325.

Average seasonal frequency of rain in whatever form, December-
January-February (abovel), June-July-August (below), in percent.

extending from Nauru to the Philippines in June, July and August, and kast-
southeast from the sSolomons in December, January and February. This effect

=~ . = vy 3

Average seasonal frequency of steady rain, December-January-
February (above), June-July-August (below), in percent.
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2325,
1s not nearly so noticeavle in the Atlantic vcean.

The average frequency of steady rain, (Fig.2-23). The tigure indicates
that steady raln 1s unusual in tne tropics. kxcept for these low frequencies,
figure 2-23 is similar to figure 2-22. Here again we find the pelt of rain-
tall maxima coinciding with the average position of the equatorial trough,
and larger, more opvious minima corresponding to the average positions of the
sub-tropical anticyclonic belts in either hemisphere. The monsoon variation
shows over India, and a similar effect is now evident in Northern Australia.

The average frequency of passing showers (Fig. 2-24) shows the same
general patterns as the frequency of other types of rainfall with maxima and
minima of the average frequency percentuges coinciding with the average posi-
tions of the equatorial trough and ihe sub-tropical anticyclonic belts, respec-
tively.
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Fig. 2-24. Average seasonal frequency of passing showers, December-January-
February (above), June-July-August (below), in percent.

Figure 2-¢o shows the frequency of thunderstorms. The absence of any
significant thunderstorm activity over the oceans is striking. Only those
oceanic areas in the vicinity ot island chains or coastal areas report
frequencies that are worthy of mention., Such a belt of thunderstorms extends
southeastward from the China Sea, across New Guinea and into the tropical
islands in the South Pacific Ocean. If we consider that the major portion
of the tropics consists of open ocean, the popular concept of extensive
thunderstorm activity along the equator is subject to modification. Large
cumulonimbus clouds associated with moderate to heavy showers and occasional
hail at higher levels are found almost everywhere over the open ocean in the
Central Pacific., It is interesting to note, however, that the lightning and
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thunder which one would normally associate with this type of cloud and pre-
cipitation are often completely lacking.
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Fig. 2-25. Average seasonal Frequency of Thunderstorms for Aoril-Seotember
{abovel), and October-March (below!, in percent,.

Figure 2-26 shows the mean zonal distribution ot the percentage fre-
quency of thunderstorms throughout the year., Throughout the tropics, more
than twice as many thunderstorms are opserved over land as over water. The
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Fig. 2-26. Annual Zonal Distribution of the vercentage frequency of Thunder-
storms.

maxima of both curves lie at the equator, the oceanic curve from <0 degrees
north to 20 degrees south, however, is flatter than the corresponding land
curve
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2400. MEAN TROPICAL LAPSE RATE.

Sufficient climatological date to create a “Tropical standard atmosphere”
do not exist. Certain regional studies have been made in the Pacific and
Caribbean for relatively short periods of time (climatologically speaking)
from which & mean upper air sounding may be constructed with a moderate degree
of reliability. Such & sounding is presented in figure 2-27,
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Fig 2-27. Mean Tropical Lapse Rate.
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3000. EVALUATION OF THE DATA

3100, GENERAL HEFARKS UN ANALYSIS.

bDespite the recent development and extension of upper air observing
networks and the application of new thecoreticul concepts to the data which
tney produce, modern synoptic meteorology still depends heavily upon the
practice of air mass analysis. As carried on 1n most weather stations,
weather forecasting is still largely a matter of identifying air nmasses,
frontal poundaries and trontal waves and anticipating their transtormations.
Consequently, text-pbooks of synoptic meteorology, and most courses of instruco
tion, treat in great detail the origin, life-history, and interaction of the
chief air masses, put pass,over, nore or less cgrsorlly. internal air-mass
processes which appear to pe ot secondary 1mbortance in forecasting the
weather of high latitudes,

While some writers on synoptlc theory nuve distinguished in the tropics
a monsoon air mass, un egquatorial air mass and a tropical air mass, 1n prac-
tice it is almost impossiblel to tind any poundaries petween them to which
the criteria of a front can oe applied with confidence, The whole tropical
troposphere, with a few local exceptions, tulfilis the standard detinition
of a single air muss. The synoptic meteorologist required to torecast weath-
er in the tropics, then, is chletly concerned with internal changes within
this single alr mass. While much of the high-latitude theory of air mass
transformation is useful to him, he soon finds that it is not sufficiently
detailed and that many weather changes, for example, those accompanying
the origin and movement of tropical storms, cannot be interpreted in terms
of frontal theory. He therefore requires a special treatment of the prop-
erties of the tropical air mass.

The practical aim of synoptic meteorology, the weather forecast, is
the same in low as in high latitudes and however much the details of techni-
que may differ, the general procedure is the same, It may be broken down
as follows:

The collection and evaluation ot the data;
lhe analysis of the data;

The formation of a prognosis,

The forecast.

In modern metecrology the term "unalysis” has come to mean the result
of the application of two distinct processes to tne data. OUbviously, the
value of a4 particular meteorologicul element, say, the temperature, cannot
be observed at every point in the atmosphere covering a region at some
synoptic instant. The observations provided by stations in the network will]
be in the torm of spot samples, reterring to the alr 1n the immediate neigh-
porhood ot the ooserving instruments and each sample thus taken will be
far removed from others taken at the same time and in the same network. wven
in the most civilized countries, possessing very dense networks, the samples
are separated by scores or hundreds of miles. One of the chief objects ot
synoptic analysis 1s to reconstruct, from the samples, a graphical picture
of the entire field of the meteorological variable over the region defined
by the network, A perfect analysis of the temperature field, for example,
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would give a continuous correct representation, probably in the torn of isotherms
at various levels such that it would be possiple tu read oft the map or maps

the temperature at any point in the space over-the region and for that instant

ot time to which the analysis would refer. Analysis in this sense is an inter-
polation among the samplisg vbservatlons, in principle, the observations are
dispensaule, uvnce the analysis 1s completed.

It 1t were pussible to observe the element at every polnt in the space
0f interest, anwlysis in this sense would pe unnecessary, the meteorologist
would already know the facts which the continuous unulysils tries tO represent.
Analysls 1n the second sense, however, would stil] wve necessary. ihe graphi-
cul representation would reguire interpretstion. [Ihis part of the analytic
process involves, gt the present stuge of development of meteorology, consi-
deraple experience gnd much empirical knowledge. The need ftor interpretation
urises pecause theoretical meteoroluegy has not resched the advanced stuge,
required to compute tuture changes in any one continuous fileld from o know-
ledege of present and pust conditions. For example, #l] the data collecred
over the United Stutes during the past, together swich sccurete interpolations
to give cuntinunus representations of every tield, (pressure, tenpersture,
wind etc.} would not provide a quuantitative pasis lor o computed lorecast
of the temperature field sia hours 1n advance. Under the present clFcumstEnces,
the synoptic meteorologlst nus to use generalizations trom past experieuce,
nsually called "synoptic models”, voth to igterpret the present situstiun
and to forecast the future. He ldentifies these nodels during analysis and
gpatrapolates them in time to arrive at the prognosiss I'hus, in frontal
meéteorology ootn the “frontal wave " and the "occlusion process”" are synoptle
mode ls; they sum up 4 vast synoptic experience und enable poth interpretation
of current maps and prognosis of future maps to pe conducted inm the weather
sLatlon.

sSince tropical meteorology is concerned with changes in a single aar
mésg.'synoptic interpretation is bound to be different from that applicable
in higher latitudes, wvoreover, the chief fields to which the jinterpolation
process is applied in temperate latitudes are those ot pressure and tempera-
ture; in the tropics other tields have to be analyzed and in one particular
case, that of the wind field, the process of interpolation 1s more complicated
and difficult than any necessary to a good alr mass analysis.

The interpolation process would, in the ideal, be so applied to the ob-
servations that, tor each synoptic nour, continuous graphical representations
of the following fields would be available for interpretation and prognosis:

The pressure tield.

The tield of cumposition (dewpoint, visipility, cloud and precipi-

tation).

The temperature tield.

The ti1eld of motion (wind tield).
To interpolate accurately among the observations ot any one of these elements,
the analyst must be sure that his data are not only free trom error, but also
representative on the scale of his network, that is, free from eftects which
are purely local. W“ore precisely, he has the problem of determining whether
his opservations are a falr sample of the fiecld under analysis. This task of
critically evaluating the plotted data, of course, is encountered in air mass
and frontal analysis in high latitudes. however, there are local effects which
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are small and for the most part negligible in those regions, but which in the
tropics are large enough to dominate over synoptic changes. If overlooked,
they can lead to serious errors in the interpolative part of the analysis.

They are for the most part orographic effects. Sonme local distortions of the
temperature, dewpoint and wind fields, however, are not necessarily connected
with mountains, or the differences petween land and sea, but accompany the pas-
sage over the station ot cloud and precipitation.

kvaluation of the data 1s also important in 1nterpretation., klements
which ordinarily in high latitudes are conservative, that is, change very
slowly with time during the transformation of an air mass, may change nmore
rapidly in tropical regions. Moreover, their changes 1n the temperate zone
may be attributable to one cause, while a very different cause may operate 1in
the tropics. Thus, changes in dewpoint are usually slow within a single
temperate-zone air mass and are attripbutaple to the influence of the surface
over which the air mass is moving. In low latitudes, certain rapid changes 1n
dewpoint can occur within the tropical air mass which have little or nothing
to do with the surface over which the mass is moving. If the usual high-lati-
tude interpretation of a steep gradient in dewpoint is used unthinkingly, a
tropical front which will have no objective existence may be drawn on the map.

For these reasons, the forecaster who is undertaking analysis in the
tropics for the first time has to take special care in evaluating the data, at
least until he has become thoroughly familiar with the geography of his region
and with the often surprising local effects characteristic of the torrid zone,
To assist in this process, the following points, raised in connection with
the most commonly analyzed elements, should be kept in mind,.

3200, WVALUATING THE SURFACE PRESSURE.

surface barometric readings in the tropics may be unrepresentative in
the same manner and for the same causes as those familiar to high latitude
analysts. Mountain chains, particularly those oriented at right angles to
the prevailing wind, produce a large, usually wave-like distortion in the
surtface pressure pattern over neighpooring flat ground or sea surtace and
the distortion is found not only down-stream behind the obstacle, but also
upstream, in some cases for large distances. When the mountain mass is
very large as, for example, the Himalayas or the Rockies, the distortion
is of such magnitude as to be regarded as a large-scale synoptic feature,
subject to analysis and prognosis., In this case, it is incorrect to regard
surface pressure readings in the flatter regions surrounding the mountains as
being unrepresentative. However the same effects on a smaller scale exist
in the neighborhood of all ovbstacles and have to be taken into account,
particularly in oceanic analysis. In the Pacific, for example, many of the
islands upon which weather stations are situated appear small and insignif-
icant on the map out in fact they are rugged and ot high relief. The island
of hawaii covers an area of only 4030 square miles, but there are two volcanic
masses upon it, ooth reaching above 13,000 feet. The pressure at sea level
on tne windward coast of an obstacle as high as this can under certain
circumstances, be as much as 2 mo higher and that on the leeward coast as
much as 4 mb lower than the representative pressure, i.e., that which would
pe found in the region if the island were removed. Ignorance ot these
effects have led some novices in tropical oceanic meteorology to suppose
that all parometers in low latitudes are unreliaple.
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Barometric readings, of course, are as much supject to error 1n the tropics
as elsewhere; in fact, on remote 1slands or in sparsely settled continental
regions, they are probably more likely to be wrong, chiefly owing to the diffi-
culty of checking the instruments from some central place possessing standard
parometers. There are several peculiarities of the tropical zone which tend to
magnify the importance of any instrumental errors which occur. First, the
observing network is very open. In some oceanic regions, the average distance
oetween surface stations is about five hundred miles and there are many huge
gaps in the network. The impossibility of checking the pressures by reference
to neighboring stations, therefore, exaggerates the analytic effect of sporadic
and index errors. Next, over great areas, particularly in the neighborhood of
the equator, pressure gradients are very weak indeed, so that again the effect
of an error is magnified. The weak equatorial gradients are exemplified by
figure 3-1. In high latitudes, an error of 2 mb at a given station, while
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Fig. 3-1. Typical isobaric pattern over the tropical Pacific Ocean.

serious enough in a sparse network, would be unlikely to cause a qualitative
error in the analysis; in the situation illustrated in figure 3-1, on the

other hand, an error of this magnitude, say in the p:ighborhood of New Guinea,
could easily result in the introduction of a fictitious low-pressure system;

it could, under certain circumstances, lead to a serious error in the forecast.
t'inally, it should be emphasized that, over most of the torrid zone, the varia-
tions in pressure at tne surface due to the passage of synoptic disturbances
are only a small fraction of the semi-diurnal pressure variation. A typical
oarogram is illustrated in figure 3-2. The most marked feature of the barogram

is the very regular semi-diurnal oscillation in the barometer. The amplitude
of the wave is about 2% millipbars. Compare this with the general trend of

pressure over the 4-day interval covered by the chart. There is, roughly
speaking, a change over these days of 2 millibars; this synoptic change, then,
averages 0.5 millibars per day. Though it is accompanied by real variations

in the weather at the station, it amounts to only 1/5 of the semi-diurnal
oscillation. Unless unusually favorable circumstances existed, it would pe
difficult in an open network to detect a synoptic change of this small magnitude
by means of an analysis of the 24-hour isallobaric field. On the other hand,

an error in time of observation, say of the order of two hours, might introduce
into the routine pressure analysis an error of approximately the same magnitude
as the synoptic change. Now the barogram refers to a station in relatively
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Fig. 3-¢. Barcgram from Kualoa, Qahu, June 1953,

high tropical latitudes (in the Lawaiian Islands). As one approuaches the
equator the amplitude of the semi-diurnal oscillation grows larger. At Lhe
same time pressure changes due to the passage of all synoptilc disturoances,
except the most marked tropical! storms, vecome less and less. lhus 1n the
Southern ¥arshalls the <4-hour pressure change which can be attributed to
the passage of a single synogtic disturvance often umounts to only 1/10

of the diurnal oscillation in that region. rhe difticulty of surtace
pressure analysis, and particularly of detecting errors, is very great
throughout the equatorial zone,

3300, EVALLATING IHe ViI=ldILLTY,

In dealing with visluilicy values 1n the tropiles, the turecaster will

pecome aware of che rapild tluctustions of these volues during periods ot
shower activity. It 15 oot ot all unuswwel to find reduced visiollaicy of
less than I mile 1n an 1svlated shower, thoe shower oeing present in an

urea which has an overall visibility value of over o0 miles.

expected that the forecaster should be dole to torecast the
of sucn showers, but he should at least oe able tu warn Lhe
presence 1n an ares ond slert him to the possiollity of the
ed visioilicy values assuclated with ruilntall,

It is not
exact locetlon
p1lot of their
nmaryedly reduc-

similar rapld deteriorations in visipility ere sometines oopserved in
areas attected oy coustal ftogs and dust storms, although under those copndl-
tions the ooservutlons are generally more representative thun those attecr-
ed py showers, 1n that they may last for several hours, or even days.
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3400,  kVALUATING The CiuLUs ady PRECICITATIUN,

Observations ot cloud and precipltation vver the open sea tar trom any
land mass are, ot course, highly representative, fhis 1s particulurly true ot
cloud observations mude from an ulrcratt where a good view of an extended visi-
n1lity field can be obtained; 1t is also true of the more limited observations
2oss1ble fron the deck ot a shlp. wow lying tropical islands, such as atolls
ur cays, also provide very good and representative observations. Altnougn it
nas veen claimed that atolls are sometines covered by orographic clouds and
that there 1s a diurnal varlation 1n the trequency ot precipitation, examina-
t1on of the statistices trom such statlons, puarticularly those that extend over
long periods of time, show that this orogruphilc ettect, if yresent, is ot such
small magnitude that 1t 15 unlikely to attect the operatiouns ot the analyst,
por need 1t ve consldered 1n the preparation ot a ftorecuast.

All other ovservations of cloud and precipitation, even those from guite
snall mountainous islunds, have to pbe treated with great caution. The diurnal
variation of cloud ant rain, poth over the continents and over the islands, is
very large. The clouds form over, and often remain attached to, mountain chains,
isolated peaks, relatively low ranges ot hills, and even over small table-like
1slands not more than tnree or tour hundred teet hipgh (ralsed coral plattorms).
The direct effect ot great contlneatal deserts 1n the troulcs and of massive
mountain chalns, such as the blmalayas, 1s so gpreat that the relation between
these features ot the terrain and the atmuspheric circulation 1n the region is
evident even on the scale ot the synoptic map. Here, obviously, the analyst
needs to kuow the geography of the area with which he 1s dealing in great de-
tuil; otherwise ne cannot hope to interpret cloud and precipitation opserva-
tions. Mowhere is the ettect of orography pvetter illustrated than in the study
of rainfall patterns, which 1n turn tend to retlect the variations 1n cloud
d1stripbution,

t'igure 3-3, illustrating the mean
unnual rainfall over India and Burma,
shows the extreme variations in rain-
fall 1n northern Burma; stations only
a4 tew mlles apart ditter in their aver-
age raintall as much as 100 inches. It
1> clear ftrom this sample that an iso-
lated repert of precilpltation can pe
without synoptic si1gniticance in one
pluce put can be of the highest import-
ance for analysis when it originates
trom u relatively "dry” station.

while the touregoing tacts may seem
s¢lt-evident when the discussion is re-
siricted to the continental masses or
to the larger islands, the anualyst
should not lose sight ot the fact that
ettects just as extreme can occur 1n
the vicinity of quite small but moun-
tainous islands. This is particularly
true when the islands occur 1n groups,

Fig. 3-3. Mecan annual rainfall over
India and Burma. {inches)
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. little later, cumulus will pe ooserved forming in a line parallel with the
‘coast, usually on the leeward side. By about midnight, this oceanic cumulus

3400,

1s in the Philippines, Indonesia, or the Solomon Islands. As an illustratifn,
let us consider a diurnal cycle of intense vertical convection over such an
island; tor the sake of clarity, let us suppose the island is 20 miles wide
and 100 miles long, with a single backbone -hain of mountauins rising to apout
8,000 feet, the whole mass being oriented at right angles to the prevailing
easterlies, Apout mid-day, even though there may be little cloud over the sea,
large cumulus will have built up to a height varying between 8,000 und 15,000
feet above the mountuin crest, depending on the latitude of the island and its
position with respect to the semi-permanent oceanic highs. Already rain will

be talling on the windward side of the mountain chein, and, as the afternoon
progresses, the cumulus will spread horizontally along the chain and over the
leeward slopes. At the same time the tops will grow 1nto the higher atmosphere.
Depending upon the latitude, time of the year, and other factors which need not
be elaoorated here, the tops, reaching their maximum development towards the
middle of the afternoon, may grow to as little as 16,000 feet or to as much as
45,000 feet., If cumulonimbus is produced by this process, it may be accompanied
by thunder and lightning, and, towards the latter part ol the afternoon, will
give rise to a great variety of clouds, such as altostratpns, altocumulus, strato-
cumulus. and various types of cirrus. From time to time, 1ncipient cumulonimbus
cells may become detached from the peaks and dritt over the leeward side of

the island; 1f this occurs, sporauic and isolated thunderstorms will brietfly
strike stations situated on the leeward plain and may even aftect the neigh-
boring sea downwind. 8y 7:00 or b:00 P.M., the lower portions of the orograph-
ic cumulus, or cumulonimbus, will nhave vanished. Patches ot cloud at the
altocumulus and cirrus level, however, may persist. At the same time, or a

will be quite evident to an observer on the leeward shore, and its dimensions
and structure can oe easily explored by aircraft on a moonlit night. If the
diurnal cycle of convection is extreme, the oceanic cumulus will continue to
grow during the night, reaching maximum dimensions just betore dawn. There-
fore, an aircraft taking otf before dawn from a leeward airfield may tind
itself involved with a nocturnal thunderstorm off-shore at a distance petween
tive and twenty-five miles, depending upon the terrain, season, etc., Tne
mountain peaks may be quite clear of cloud at this time, Isolated cumulus

or cumulonimbus, accompanied by showers, may driftt toward the land from the
pre-existing line, so that a leeward station may have a secondary maximum of
showers between 6:00 and Y:00 A, M, local time., By 10:00 A.v., the ott-shore
cloud will usually completely disappear and the tirst orugraphic cumulus will
begin to build up on the peaks; then the c¢ycle is repeated witn varying 1n-
tensity, depending on the synoptic situation. During thc whole of this cycle,
the cloud over the open sea may show very little variation.

It should be emphasized that the formation of localized lines ot off-shore
cumulus or cumulonimbus, due to orograpnic effects, is most likely when several
islands are clustered together in an archipelago. Under these circumstances,
the cloud lines tend to form in the channels between the islands. Such lines
are very common in Indonesia, the Pnhilippines, the solomons and, to a lesser
degree, the Hawaiian Islands. It is clear that, if the analyst wno is just
beginning to aeal with tropical weather and is untamiliar with the geography
of the area or with the characteristic diurnal cycles in such islana groups,
he may seriously misinterpret the reports froum island stations and carry his
misinterpretation into the forecast, He will particularly err it he 1nterprets
these local lines, which are, at most, 100 tu 300 miles in length, as "fronts"
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or lines of convergence ot general synoptic importance, that is, it on his map
he extends thesc lines for thousands of miles into regions of only sparse ob-
servation.

Ihe tropical forecaster probably requires a deeper knowledge of orographic
effects and of the geography of nis region of interest than is usually required
of a high latitude meteorologist. This Knowledge is employed in two ways.
l'irst, it is used 1n deciding which opbservations are representative and in
attempting to reconstruct, even from the unrepresentative data, what the con- 3
ditions over the ocean or over the neighpooring tlat land (in the case of con-
tinental analysis) might be. Figure 3-4 is a sketch made trom a color photo-
graph of Tahiti, taken aooard the resear.h vessel "Horizon” while approaching
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Fig. 3-4. Orographic cloud over Tahiti (from a photograph by Nicholson).

the harbor at Papeete at 2334 G.C.T., 16 January 1953. A weather observation
was taken at this time, and another when the ship docked at Papeete two hours
and six minutes later., These observations, plus the ofticial 0000 4.C.1 syn-
obtic report from the weather station at Papeete, are shown in the tigure.

I'he siketch illustrates how unrepresentative an observation taken at Papeete,

on the leeward side of the island, would be J,i weather conditions over the open
ocean. Most of the cloud was situated over the island itself and was oro-
graphically determined; compare, for example, the mass of cloud stretching
toward the leeward side, with conditions over the open sea. The weather ob-
servations tuken at or near the time of the picture substantiate this feature.
The “Horizon" reported only 2/10ths of cloud while still out at sea but report-
ed 5/10ths wnen docked in the harbor approximately two hours later. For pur-
poses of analysis, at least, we wish to correlate the conditions over the open
ocean with the other fields under analysis.

Secondly, the analyst must employ the kind of Kknowledge exemplified in
the previous paragraph in framing forecasts. Orographic effects have par-
ticularly to be considered in passing from the prognosis to a detailed cloud
and rain forecast.
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3500,  LVALUALING 1HE SUPRACL-AlY TEMPLRATURE.

In the wir mass and tronta) cnalysis appropriate to high lutltudes, the
surface-air temperature 1s wel]l Kknown as one ot the least representative und
least conservative of all the meteornlogical elements., Standard texts on air
mass analysis and alr mass cnaruacteristics always emphslzu tuis point. Un
the whole, we should expect the temperature to be less representative in the
tropics thun elsewhere and, over land, certainly less conservative, lhe in-
tensity ot insolation, for one thing, is greater in Jow than in high latitudes,
Further, there is the difficulty ot properly exposing the tnernometers, kven
a well-constructed auspiration psychrometer is difficult to use in the middle
parts of the tropical day, ani at stautions well within the tropics the stand-
ard shelter fails to provide adequate protection from radiation on clear Jdays.
Moreover, close to tne equator, winds are usually light, and it is almost
impossible to uerate the sensing elenents correctly without mechanicual nmeans.

While the difficulty of obtaining representative surface-air temperatures
.in continental localities has long been recognized, meteorologists are in-
clined to thnink that coastal and oceanic stations 4o provide representative
temperatures. This is particuluarly the cuse when the stations are ship-
stations or are located on small low-lying 1slanus. For example, Petterssen
(1940) states, "At sea the diurnal intluences ure negligible, and the tenper-
ature observations are always representative, provided that thermometers
are well-exposed”, In addition, he says, "well-eapused coastal or island
stations are usually representative. As a general rule, wce may say that the
temperature observations are most representative when the wind velucity 1s
high and the sky is cloudy or overcast”. Wnile these statenents are general-
ly true in latitudes higher than 25°% there 15 an adaitional tactor which
tends to make surface-alr temperatures unrepresentatlve over tne tropical
oceans, 4 tactor which, s0 tur as can be seen at present, 1s negligible 1n
high latitude meteorology. This factor 1s the figh frequency of showers
within the torrid zune. ver the tropical oceens, oy fur the moust frequent,
though not the heaviest, precipitation talls 1n the tore ot showers trom
cumulus clouds whose tops are well pelow the treezing level, The effect
of showery precipitation, both from cumulus and cunulonimbus, is twotold,
With lighter intensities ot rain, the talling wuter Jdrops cool tne air pe-
low the cloud base by evaporation. The resultiag temperatures below the
base are, atter the shower has contlnued a very short time, close to the
wet-bulp temperature of the surface air., kach shower is thus accompanied
oy a small “cold patch” as it moves over the observing station. Atter the
passuge ot the shower, of gourse, the surtface temperature quickly recovers
its fcrmer value. The second etfect 1s similar to thut accompanylug the
duwndraft under a thunderstorm. It accompanies all cumulonimbus showers
in the tropics, uall the heavier cumulus showers and, most remarkably, the
heaviest rains trom altostratus. In these cases a downdratt of coll uir
accompanies the heavy rain and may actually precede the shower and continue
for a short time after the rain has pussed. The surface temperature falls
much below the representative surface wet-bulb temperature and 1s usually
responsible, on atoll stations, for the minimum temperature of the day.
In general, one way say that the heavier the precipitation the lower the
minimum temperature attained,

Preliminary investigations in the wurshall Islands 1ndicate that the
temperatures vegin to fall appreciavly pelow the representuative surtace
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Fig. 3-5. Precipitation, temperature and dew-

wet-bulb temperature when
the intensity of rainfall
equals or exceeds one-hun-
dredth of an inch per min-
ute., Some remarkable in-
stances of low temperatures
accompanying heavy rain are
known. For example, the
record low temperature at
Canton Island (3°S, 172°W)
is 70°F., a minimum which
was attained during the
early morning of the 13th
of April 1953. The hourly
temperatures, wet-bulp
temperatures and rainfalls
at Canton Island on that
date are recorded 1in figure
3-5., The observer reported
strong, cool gusts from
time to time during the
period in which minimum
temperatures were attained;
the prevailing wind before
and after the gusty period
was, however, only 10 knots.
In tact, the observer re-
marked that meteorological
events during this time
resembled closely those ob-
taifing during the passage
of a thunderstorm, but with-
out any sign of thunder or
lightning. The most remark-
able feature of the weather
was the tact that no cumu-
lonimbus appeared in the
vicinity. There are un-
equivocal opbservations to
show that thnroughout the
period of heavy rain the
ceiling did not descend
pelow 6,000 teet anda most

opservations indicated that the rain fell
sheet. Similar observations, less spec-
the Marshall Islands. There can be no
Canton Island and the Marshall Islands

whether it be light rain which lowers
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tne surface-air temperature, or rain of the heavier type from large cumulus,
cumulonimbus or thick altostratus, is shown by observations made at Eniwetok.
As an example, we may briefly recapitulate events at kniwetok on the 20th of




October 1952. The upper urve ou fig- e e ‘*“"“—-—1
ure 3-8 represents the surlace-air 389);”" osL el '.___315_.£?§eg
temperatures taken on board the re-
search vessel "hHorizon”, on station
20 miles off kniwetok. The lower !
curve is a similar surface-air tem-
perature record from kniwetok weath- 90° 90°
er station. Between 0000 and 0600 "
the temperatures of the two stations 1/\¢
agree within 2°. At 0§00. the tem- oF ,\_,\>.JL,\ A 3 = oF
peratures at both stations begin to —— IS Y
rise. The rise continues at the ‘7 N LA Lfv!/
"Horizon"”, reaching its peak of 90° 80° Lf :” \ - v180°
at 1300, however, that at kniwetok ' 9IN % ¥{

y 0 : ; M-gigHT" >
does not exceed 85", The maximum [ |
dlfference between the stations 1s i
attained at 1400 and amounts to J°F. | -} - EnIWETOK
The significance cf these tempera- o R/V"HORQQN" :
tgre differences can be associated 7GOOL o6L L oL 240 06L7o
with the weather at the two places.
It begins to rain at kniwetok be- 20 OCTOBER 1952
tween 1000 and 1100; no rain is re- Fig. 3-6. Temperature and pnrecipitation
corded during this period at the at Eniwetok and aboard the
"Horizon". kniwetok experienced "Horizon", 20 October 1952,

heavy showers in the period 1300 to

1400, at about the time when the

maximum difference 1n temperature between the two stations is recorded. Note
the big fall at kniwetok between 1300 and 1400 and a similar, but rather smaller
fall at the "horizon"” petween 1600 and 1700, These changes milght oe interpret-
ed, and in fact have in the past peen interpreted, as changes due to the pass-
age of "fronts”. ~rexperience 1in the tropics, even of very limited extent, 1s
sufficient to show that this interpretation 1s untenable. The temperature
changes accompany showers whilch can be seen advancing toward and over the
station. The showers otten are sco local that stations a mile apart will have
quite different temperature traces. As an illustration, let us consider events
at the rese.rch vessel "Horizon” and at kniwetok on the 23th ot Uctober 1952,
as shown in figure 3-7 on the next page. The records overlap tor the period
0800 to 2300 local time. During this time the research vessel "Horizon” was
within sight of Eniwetok Island; 1in fact, it was making runs 1n the lagoon

of the atoll in connection with a seismic research program. At the beginning '
of the period, the temperatures of the two stations agaln agree within 2°F;
poth stations record rain at this time. I'he rain ceases at 0900 and the
temperature climbs at both stations. Note that, as before, the “Horizon”
temperatures are slightly higher than those at kniwetok; this 1s probabil

due to instrumental error or bad exposure of the ship's thermometer. Showers
begin at the research vessel at approximately 1300, although sporadic precip-
itation close to the ship was reported earlier. At kniwetok station, however,
there is no rain and the temperature continues to rise, reaching 1ts peak of
8Y°F, at 1300 and 1400. Then follows the abrupt fall in temperature at
Eniwetok after 1500, a little before the onset of the sHowery period. No
possible orientation of “fronts” in the atoll lagoon could account for these
changes. It must be emphasized that the observations displayed 1in these two
figures (3-6 and 3-7) were not taken by extraordinarily skilled personnel.
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[hose oun tne vessel “Korizon”, tor
example, were tuken on the bridge oy

O0oL  O6L 2L 8L 24L 06L° the ottilcer on watch, and the thermo-
98 25 meter hung 1n the wheelhouse -- a
rather poor expusure, which probably
accounts for the 2 degree difference
10 temperature between the “"Horizon”
909 W. 90° and eniwetok statlion.

| From numerous experiences of
oF this kind, both at atoll stations
and on shipboard, one must conclude
y that there 1s an additional factor
;“ - T ﬁ’ §o0° in the tropics, over and aobove those
r ?\Yj",r considered in high latitude analysis,
which makes for unrepresentative
surface~alr temperatures. kven the
lightest rain will cause a fall in
" " temperature, but the fall is purely
70° R/V‘HONZQN 70° local and moves with the shower, It

oF

80°

- = === ENIWETOK

OOL _O6. veL 8L 24. O6L tollows that changes in surtface-air

25 OCTOBER 1952 temperature associated with rain,

even when the reports are received

) from scations which ordinarily would
at Eniwetok comoared to that | (,isidered to have pertect exposure
3boa(d f?e research vessel are quite unrepresentative, mven a
Horizon", 2> October 195¢. cursory examination O0f a meteorogram

upon which continuous traces of tem-
perature and rainfall intensity are displayed on the same time base will con-
vince the most skeptical of this fact.

Fig. 3-7. [Temperature and precipitation

3600. EVALUATING THk SURFACE DwW POINT.

It is a general principle of standard air mass analysis that the surface
dew point temperature is more representative than the surface-air temperature,
It should be remembered, however, that the dew point is not entirely ftree from
local intluences, especlally over the large land masses. In a continental
humid region, the dew point usually reaches its maximum during the atternoon,
the minimum occurring in the early morning. Over deserts, on the other hand,
the diurnal varlation 1n dew point is the reverse of this. These effects are
to be attriouted ultimately to variations in the vapor pressure gradient close
to the surface of the earth under continuously varying conditions of insola-
tion and radiative cooling. In tropical continental regions, one may expect
the same local efftects as in higher latitudes, modified to take into account
the greater intensity of insolation during the day. The analyst in oceanic
tropical regions, also, should remember that the dew point is likely to be
strongly aftected by the situation of the station witn respect to high, steep
mountaln chains. Foehn effects being so large in the tropics, one may expect
that the diurnal variation of dew point on the windward si1de of a large moun-
tainous island will be similar to that found under humid continental conditions.
un the lee side, however, a statilon may record quite marked variations in dew
point associated with descending relatively warm dry air passing downwind from
the mountains as a foehn. Here the diurnal variation in dew point is likely
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to e of the continental desert Cyjpv. In zome e =0de stations this tLypu
of voriation can Ly gulte gs large as that in dry continental]l situdticnn.
The lee side of New Caledonie, for example, will often show, Jduring the }
prevalence of strong southeast trade winds, & contimental type of variation,
However, these lee side stations often record a svcondary afternoon masl-
mum of dew point which 15 due to the influa nf marine air under Lhe lochn
gtter the onset of a sea breeze, Ekven in the wsosence of precipstation then,
the torecaster will find considerasple variations of dew point which must

be attributed to orogruphic causes. }

Orographic effects on the dew point can readily o# taken into account
oy an analyst tamiliar with the topography of his regilen and with the pre-
cigse location of his stations. As soon #s rain falls at the cbservation
point, the dew polnl pecomes guite unrepresentative fur other reasons. We
have already seen how unrepresentative the temperature MmaY Decome during
heavy rain and the remarks which applied to the temperatures found in
dosndrafts under cumulus or cumulonimbus apply with equal torce to the dew
point temperature., Moreover, even light showers will affect the dew polnt,
for, since the air is quickly cooled to 1ts wet-oulb temperature at the
height of the shower, wet-pulb temperauture, dry-oulo tempersture, and, ol
course, dew point will coincide. The dew point temperature 1s notoriously
non-conservative with respect to evaporation trom falling rainm.

The results of this and the preceding section then, may be summarized.
Both temperature and dew point become unrepresentative in low latitudes tor
the same reasons as are discussed 1n standard texts on air mass analysils.
Those effects which are to be attriputed to insolation are apt to be magni-
fied in the tropics as compared with other regions. UOver and abhove this,
both elements become unrepresentative 1n the tropics because prcecilpitation
is, on the whole, more frequent and heavier than in most parts of the
temperate zone. This is particularly true of precibitation from convective
cloud. The local nature of rain showers and the massive eftects on the
temperature which accompany them make for abrupt changes in temperature
and dew point within the tropical air mass; these changes are not to pe
confused with those accompanying the passage of air mass boundaries.

When all the effects descrived in the last two sections have been taken
into account, the tropical air mass over the ocean is seen to pe extremely
uniform in the lower layers. The representative surface-air temperatures
in the tropical Pacific are always within a degrec or two of the sea-surface
temperature, Since the gradient ot sea-surface temperature is so small
within the tropics, a great uniform air mass 1s produced. This 1s the clas-
sical tropical air mass at its source.

3700. UPPrR AIK (RADIUSONDE) OBSERVATIONS.

The mercurial barometer is the most accurate instrument used in synop-
tic meteorology. Surface pressure observations are usually of a higher
order of accuracy than is absolutely necessary for isobaric analysis in
flat continental areas., This is not the least important reason for the
great prominence that pressure analysis has had in synoptic meteorology
during the past 80 years. At the surface, as is well known, the pressure
observations are subject to errors of less importance than those accom-
panying the observation of the surface wind. In high latitudes the surface
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laotarle atalysls 1s therctore a nore rellavle gulde to the representutive fleld
u!f motlon than are the spot vbscervations taken by anvmometers Unconsciously,
during tne great eaxpansion ot meteorovlogy since alr travel began, the meteorolo-
gl-t nas> adopled the superstition that all pressure ovbservations are of this

order ot accuracy. He tends, tor example, to think that the readings from an
anerold barometer 1n the chart house of @ ship on the high seas, probably uncheck-
vd tor many years, are comparavle with those of the best mercurial barometer,

This taith 1n the accuracy of the Bourdon tube, as compared with the
mercurlial varometer, 1s perhaps not too serilous in the synoptic analysis of high
latitudes. The ouceans of the temperate zone, at least, yield many surface
pressure observations, and since the gradients are usually steep, these, upon
critical evaluation, are usually sutficient to yield a basically unequivocal
analysils, But when the same taith extends to the observations made by radiosonde
1n the tropics, the upper alr analyst immediately encounters difficulties and
contradictions. Although great advances have pbeen made in the past few years in
the design and mass production of sounding equipment, the principles upon which
the 1nstruments are constructed are such as to yield observations of pressure
ot a lower order ot accuracy than those ot the mercurial barometer. Similar
remarks apply to temperature measurements aloft. The advances in the design of
temperature sensing elements have been remarkable, so much so that they even
record the fact that the sun is, or is not shining upon the 1nstrument. This
teature, we nos know, partially accounts for the diurnal temperature and pres -
sure changes alott and further establishes the greater reliabllity and repre-
sentatlveness of observatilons taken at night, It is important however, that
the analyst not torget that these observations are used in a manner quite dif-
ferent from that applicable to surtace temperature measurements. The radiosonde
flight is worked up by an 1lntegrating process. In the computations, small
errors accumulate and their etfect may be magnified as the higher levels of
the flight are reached. The estimation of contour heights, for example, 1is
such that consistent results in the high tropical troposphere and lower strato-
sphere are difficult to obtain. Apart from this, the meteorologist who is
dealing with any wide area, comparable, say, with kurope or North America, has
to contend with the fact that ditferent countries use radiosondes of varying
manutacture and design. The radiosonde used by the different military and
civll services also vary in design and manutacture; furthermore, corrections
tor radiation are applicd to some types of observation and not to others,

In the analysis of upper isobaric surfaces in temperate and high latitudes,
these facts are taken into account. The order of accuracy of the instruments,
the possioility of transmission and personal errors are to a certain extent
allowed for in the tineness of the analysis that is subsequently performed. The
isobaric surfaces, tor example, are contoured at wide intervals, and the good
analyst realizes thav only major features of the isobaric surface can be mapped
at high levels. In most regions, particularly over the continents, there are
sufficiont radiosonde observations to arrive at a general contouring of the 200
mb surface and the gradients on this surface in high latitudes are sufficiently
steep to make the previously described sources of error of relatively minor
tmportance., It cannot be too strongly emphasized that this is not the case in
the torrid zone and over the ocean. The slope of the isobaric surfaces at all
levels petween 25°N, and 25°S. is s0 gentle that the effect ot an error in either
temperature or pressure measurement is enormous., It can, for example, make the
ditference between the drawing of a maximum or minimum point in the isobaric
surtface dependent upon a single observation. The matter is aggravated by the
open nature ot the troptcal network. Wwhen approximately 1,000 miles intervene
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between successive stations ot the network, complete systems may be over
looked, lost or reversed in nature durlng successive analytic periods.

The difficulty of contour analysis in low latitudes is enhanced by
the fact that the standard methods of filling 1n gaps in the network, based
upon theoretical assumptions about the dynamics of the tlow, are also inap-
plicable. The use of the thermal wind relationship, for example, which
is based upon the assumption that the winds are geostrophic, when applied
to the use of shear vectors in differential analysis, quickly leads to
fantastic discrepancies petween the opbserved isobaric heights in the upper
troposphere and those deduced through the use of thickness charts, This 1s
undoubtedly to pe expected on theoretical grounds, since the geostrophic
wind assumption becomes less reliable as one approaches the egquiator. There
is a further difficulty. Contour analysis is usually extended over oceanic
regions by the construction of "ideal" lapse rates referred to surface
ship observations. These ideal lapse rates are constructed in terms of
synoptic models, of empirical knowledge of the normal lapse rates encountered
in middle latitudes and of continuity (under the assumption that the temper-
atures are quasi-conservative in the free atmosphere). Iin the tropics this
method will frequently break down, especially in those areas of greatest
interest, the regions where there is wlde-spread precipitation. Not only
is the surface temperature affected by heavy rain, but so also are the
temperatures in the sub-cloud layers. When an aircraft passes through a
shower, the temperature will fall; if the shower 1s very hLeavy, there may
be a relatively large fall in temperature. However, when the aircraft has
emerged from the shower, the temperature will recover its former value.
Figure 3-8 is a diagramatic illustration of the temperatures which would
be recorded by an aircratt flying at 1,000 feet through a true front ac-
companied by rain, and one passing through the cool patches assoclated

76°F T6°F
74°F 74°F
72°F 720F
T0°F T0°F

hllll‘llllIIIIlllIIIIIIIIIIIIIIIIIIILIIII

Fig. 3-8. Temperature changes encountered through a warm front {left)
and Cumulus showers (right) at the 1,000 foot level.
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with large precipitating cumulus at the same levei. Observations at numerous
statlons in the Paciflc show that temperature measurements in very heavy rain
under altostrutus are often unrepresentative up o 7,000 feet or more. As an
vxample, We may retfer again to one events at Canton Island during the heavy
ratn of 13 April 1953. (Fig. 4-3 ) At the period of maximum downdraft accom-
panylng the heaviest raln, the radiosonde observations at Canton Island show
that temperatures were affected locally up to 20,000 feet. Similarly, if a
radiosonde haprens to be released in the neighborhood of a lIarge cumulonimbus
and to pass in and out of the successive layers of secondary cloud associated
with the convective mass, the temperature trace will not be the same as that
of ap instrument released a few miles away in clear air. Orographic effects
themselves pftect the radiosondes on mountainous islands. There are very
puzzling discrepancies among the radiosondes of the Hawaiian Islands, for
example, discrepancies which can on!y be explained in terms of local orograph-
ical effects associated with the high mountains near the various observing
stations,

These difficulties have led some meteorologists to maintain that the
radiosonde is an instrument of little or no value within the tropical air
mass, 50 long as it lies in its source region. It seems to these meteoro-
logists that the temperature measurements can be so unrepresentative and the
errors both in temperature and pressure so large, as compared with the grad-
ients they are supposed to detect, that contour analysis, in fact any type
ol pressure analysis, is a waste of time., Moreover, they say, the lack of
representativeness in the temperature measurements renders the use of the
soundings in local forecasting of cloud and precipitation misleading and even
dangerous. The attitude taken here is that while all these difficulties are
to be fully realized, tropical meteorologists should, if possible, persevere
with both contour analysis and with the attempt to apply the soundings to
local cloud and precipitation forecasting, Wherever the observations are
dense enough (unfortunately in a very few areas of the tropics), contour ana-
lysis should be attempted. This is not to arrive at an idea of the field of ﬁ
motion, since this can be obtained more accurately by other means, but rather 1
to investigate the pressure field itself at all levels. The pressure gradient
is one of the most important dynamic parameters directly observed and if both
an analysis of the field of motion and a pressure analysis of any accuracy
are obtainable, the future possibility of computing the field of acceleration,
and consequently the development of the weather, lies open. No doubt this
will pe a difficult task, perhaps insoluble with the present instrumental
observing program. However, it will not be solved by omitting to take radio-
sonde observations altogether, nor by neglecting to study pressure-wind rela-
tionships wherever possible.

3800, EVALUATING THE SURFACE AND UPPER WINDS.

Consider a simple definition of the wind found in one form or another in
textbooks of dynamic meteorology: wind is atmospheric motion relative to the
earth. At first sight, this definition is adequate. Any region in which the
atmosphere is moving through space with precisely the velocity of the under-
lying earth is a region of no wind, that is, calms; otherwise, there is a
wind. Yet strict application of this definition would not only violate every-
day experinece, but also invalidate a large part of the basic reasoning of
dynamic meteorology. What do we mean by the expression “atmospheric motion”?
what is moving? The kinetic theory of gasses 1mplies that at all temperatures
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observed on the curth, the mol-cul«s ot the atmospherlc gasses are 1n
incessant randow motion; 1n any reslon of apparent calm, countless
billions of molecules are moving 1n all directions relative to the earth.
Nevertheless, the molecular motion 1s not perceptliole as wind., Clearly,
pefore we can observe a wind, the atmospheric matter that 1s moving

must consist of much more thun a single molecule and there must be some
kind of systematic movement ot many molecules superimposed upon their
random motion. The wind must, in fact, consist in the motion of a col-
lgctlon of molecules occupying a volume large enough to enavle (at least
in principle) measurements of temperature and pressure to ve made within
it, and yet small enough to enable the matter 1n 1t to bz treated theoret-
ically as a single moving particle., The 1nstantaneous mean motion ot the
molecules within this volume could be defined as the wind at a point 1n
space corresponding to the center of symmetry of the volume. For purposes
of discussion we snall call the wind so detined, out never observed, the
“"true” wind.

The foregoing detinition 1is based on theoretical consilderations, and
is dominated by the desire to.avoild violation of our common experience. It
is doubtless inadequate for some theoretical purposes. For us, however,
the ditticulties arising trom 1t are practical; thils wind 1is never observ-
ed in routine meteorological, practice, nor is 1t ever plotted on a synop-
tic map. Perhaps the closest approximation to it which is attalnaple
practically, is given oy the observation ot a hot-wire anemometer, or of
finely diviced matter, such as a very small cloud of ions, suspended in the
air. J3ut these methods still give only an approximation to the true wind.
The meteorological "particle” or "parcel” would provapbly occupy at any instant
a volume so small that any practical 1nstrument used in observation would
inevitably disturp the meclccular motions within 1t. What would pe observed
then, would pe the true wind with an added component due to the introduction
of the instrument. However this may pe, the obseYvation of air movement .~
by highly sensitive methods is still of great value; 1t gives us sone
empirical grounds for inferring the general properties ot the "true” wind.
'he general result of this type of anemometry may be summed by saying that
the more we 1increase the sensitivity ang accuracy ot wind measuring
instruments, the greater pecome the tluctuations from one instant to the
next in the observed wind. The inference is that the true wind is a vio-
lently fluctuating entity and that the atnospheric motion mentionec¢ 1n the
definition 1s always nighly turpulent.

At this point we may pause to inquire whether in searching for a
means of defining and measuring the true wind, we have not departed too
far from common experience. The atmospheric ftluctuations revealed oy
very retined and sensitive anemometers pear only indirect relationships
to the motions called wind by the layman. He judges the direction and
torce of the wind as he knows it by ooserving the 1ntegrated visible
effect of the fluctuating true wind on structures, vehicles, living
organisms, loose surtace material, and pbodies ot water. The synoptic
meteorologist is called upon to ooserve and to forecast changes in this
wind. The atmospneric motion to be plotted on synoptic maps, to bpe
subject to analysis, and tinally to be forecast, is theretore some kina
of integral or average of the true wind, and this kind of average 1s
somehow determined by the scale of manmade structures, of the larger
living organisms and of waves on the ocean. In tact, the observed wind
is always an average taken over some time 1nterval and over some volume
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tixed with respect to the surtace of the rotating earth. This wind 1s treated
as 1f 1t were ouserved at a polnt fixed with respect to the surface of the
varth and at an 1nstant 1n time.

In practice the volume and time 1ntervals over which the uverages are
taken differ enormously from one type of wind measurement to another. The
carliest and most primitive methods of wind measurements frankly made use of
the layman's intultion. The wmicroneslan navigators, who in former times made
long voyages 1in ocean-going outrigger canoes through the arcnipelagoes of the
warshall and Caroline Islands, measured wind forces as "one man wind”, "two
man wind” up to "four man wind”, according to the number ot men required to
stand on tue outrigger platform to prevent the canoe capsizing under sail.

The 3seaufort scale of wind force, similarly, was based upon the pehavior of
salling ships and upon tne reaction of ocean surface to various wind ftorces.

In these systems the vessel 1tself was an anemometer and its sluggish reaction
to any out the more violent long-period fluctuations of the true wind conven-
1ently cut down the time of the observation of its oehavior to a short period,
usually of the order of a minute; the volume over which the average was taken,
however, mignt pe very large. 1he deep sea criteria for judging Reaufort wind
torces, for example, depended upon the use of the full-rigged man-of-war as an
anemometer. 3eaufort force 3 was =ald to be (1874) "that in which a well-condi-
tioned man-ot-war, with all salls set and clean tull would go 3 to 4 knots in
smooth weatner”., The volume ot alr explored by such a ship was huge i» compari-
son with that sensed by the head of a fixed anemometer on land. Moreover, the
wind varlation with the height up to the mast top influenced the behavior of

the ship and the manner in which an experienced master would set the sails.
3eaufort wind forces were also estimated from observation of the effect of the
wind on the ocean surface or, in the case of land observations, on dust, trees,
and puilldings. It was specified that the field of observation was to be large --
in most cases it included all the surface effects visible from the observing
station., A good ooserver would watch the effect of the  wind for a fairly long
period, say 3 to 9 minutes, before recording his data. In this system the
volume over which the averages were taken was again huge; however, since

surface effects only were observed, its vertical extent was small and varied
with the force of the wind.

Compare a wind measurement at sea in terms of the Beaufort scale, with
one made by means of modern ship-borne anemometer. By convention, the time
interval for averaging the latter 1is one minute. Allowance has to pe made
for the motion of the ship under its own power, though this is often neglect-
ed -- to the detriment of synoptic analysis. The ship’s anemometer is a much
more sensitive 1nstrument than the full-rigged sailing ship, for which the
Seautort scale was devised, pbut an increase in sensitivity of marine anemometry
1s not an unmixed blessing. Modern ships are generally larger than the sail-
ing ship and they are driven through the water at relatively high speed. The
volume of air explored by the anemometer is much smaller than the Beaufort
volume, oput the ship 1tself is still part of the observing instrument. Its
presence disturbs the alr movement, adding to it eddies that in the mean give
an unrepresentative component to the wind at the anemometer head. After these
and other difficulties are taken into account, the wind observed is prooably
no closer to the true wind, as previously defined, than were the older Beaufort
measurements; 1t 1s just a different average with an added systematic error that
varies with wind direction and speed. The same remarks apply to standard
anemometer measurements on land. The anemometer record gives a wind that is not
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more "uccurate” than the older 3eaufort mcasureacnts, ovut mercly ditterent,
the averages belng taken over ditterent space and time intervals.

[t these considerations show that what we call the surtuce wind com-
prises mezsurements that are hardly comparaole ftrom case to case, how much
more difficult is 1t to compare upper winds ovserved by ditterent methods.
In all cases winds alott arc estimated by the opservation ot moving objects.
The winds again are clearly space and time averages. Sometimes the space
average extends over a tremendous volume. winds estimated by the total
dritft of an aircraft vetween points 50U miles apart, tor example, cannot
reasonably be referred tu a point in space, nevertheless, so-called loran
winds are frequently plotted on synoptic maps at specitied points and 1n
analysis are compared with winds deraved from the rawinsonde. Nelther
of these winds are the truc winds contemplated by theoretical meteorology,
but only the rawinsonde may reasonably ve reterred to a point.

At the outset, then, we ought to admit that we do not observe nor
is the synoptician particularly interested 1n "true” winds, and that the
problems of dealing with the observed winds theoretically are, 1n the
present state of knowledge, completely 1mpracticable., 1t tollows that
kinematic analysis that is, analysls of the tfield of motion, is largely an
empirical science, Its object is to anuslyze und to forecast changes in
average air movements as measdred by the rawinsonde. Betore such an
analysis is begun, theory can say very little about what to expect on the
maps. The most that the toregoing considerations can gilve is the warning
that the "winds” treated 1n any analysis should be as near as possible com-
parable, that 1s, that tne spaces and tiwes over which the averapges are
taken by the observing 1nstruments should ove at lea.t ot the same order of
magnitude. Multiple drift winds taken on voard a reconnaissance aircrafe,
| for example, should not be comparcd with “navigation” winds trom a tran-
sient aircraft flying between two airports: they should not, in tact, be
plotted in the same manner on the same map.

Although the averaging process carried out during the normal wind
opservatior eliminates short period tluctuations, the data, particularly
in the lowest layers of the atmosphere, can stil]l be unrepresentative.
kddies of all sizes probably exist in the atmosphere up to the very
large ones we study on the synoptic map, nuamely, cyclones and anticyclones.
The object of kinematic analysls is to investigate and identify these large
eddies. 3Smaller disturpances of the tlow, such as are set up by difterence
between land and sea, for example, will, on the synoptic scale of reference,
be eddies leading to unrepresentative observations of wind., In parenthesis,
it should pe noted that these medium-sized disturpances are by no mceans un-
important in synoptic meteorology. Their 1nfluence nust always ve consider-
ed in forecasting, particularly in local forecasting. But, in the lurge;
scale analysis, the typicul synoptic description ot vroad air-tlow, they
should be eliminated. For our purposes we may classity the medium-s1zed dis-
turbances into three types: firstly, land and sea breezes; secondly, oro-
graphical eddies; and tinally, what may be called precipitation winds.
We shall discuss thesc 1n order.

In classical meteorology, the pest examples of land and sea breeze

circulations were always descrived as occurring in the tropics; the accounts
found in standard textbooks are still trustworthy, but, 1t should be
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emphasi1zed here, tend to oversimplity the nature of the circulations. ‘lheore-
tically, the land and sea obreezes should prevail on all islands and coastal
areas in the tropics. However, the so-called sea obreeze component of the wind
is so0 small on atolls, even those within the doldrums, that even long series
ot statistics do not sutfice to show thewm unequivocslly. On certain atolls,
with large individual islets, a barely significiant variation in the force of
the wind pbetween day and night 15 detectable. The variation is certainly too
=mall to ve taken 1unto account in synoptic work, and so far as is known, is of
no practical importance, Consider, for example, the statistics trom the island
of Penrhyn in the South Pacific, (the structure of the island is shown 1n Figure
4-9). The mean speed of the wind at U800 hours local time for the period 1937
to 1942 was 9 knots; afternoon ooservations at approximately 1400 hours give a
mean speed of 8 knots. Further, the mean
wind speed in the 5 degree oceanic square

158° W centered on Penrhyn Island, trom over 50
i years of sbip observations, is 9 knots. On
o - the islund there is no signitficant difference
% f between the afternoon and morning wind direc-

tions and the differences in speed are
certainly not of synoptic importance. As
w1l] pbe seen from thke map, Penrhyn Island

[
ﬁg;j'“ | i§5 15 a typlcal atoll and the island upon

which the observations were taken is very

"\% .63 low, the highest point on it being 50
| 'Uj' feet -- the tops of the coconut palms.
_2} It might pe argued that the islands on

Jaﬁ“ the reef are so small that they cannot pos-

sipnly affect the wind, the area bpbeing
heated during the day and cooled during

L Ta the night being infinitesimal in comparison
with the broad ocean. In order to see how
PENRHYN large an island must be before it affects

STATUTE MiLES
0o 1t 2 3

the circulation through the land-sea breeze
mechanism to an extent significant to the
synoptic meteorologist, we can refer to

Fig. 3-9. The Geography of another island in the South Pacific, Niue.

As may be seen from Figure 3-10, this

lsland is not an atoll, but is a wmore or

less flat coral plate, not enclosing a lagoon.,
Here one might expect, on theoretical grounds, a marked land and sea breeze
regime. However, the only .affect that can be.detected in the statistics is a
tendency for calms during the night and early morning hours in July and August.
There 1s no significant difference in wind direction between the morning and
afternoon observations, but the mean speed in the early morning is 5 knots, _-
the afternoon Y knots. Note that the observing station Alofi is on the west- -
ward or lee side ot the island and that probably the wind that reaches this
station is somewhat diminished by surface drag over the coral surface. This
1s borne out by the fact that the average wind speed over the neighooring
ocean is 12 knots. Lkven an island as kprge as this, then, although a "land
breeze component” can be detected in the statistics, does not provide an area

Ponrhyn Island.
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large enough to give the well-developed lund
and sea breezes of clussical tropical meteor-

ology. At all events,
vind speeus between ni
such as would need to
in synoptic analysis.

The situation is
the island is of high
developed land and sea
tropical islands which
peaks 1n the interior.
the station Papeete on
of tre Island ot Tahit
an example, we may ref
for July and August,

the difference in
ght and dar are not
be taken into account

very different when
reliet. The best-
preezes are found on
have high mountaln
rake, for example,
the leeward coast
i, figure 3-11. As
er to the statilstics
fhe frequency of

Fig. 3-10. The Geography of
Niue.

calms at 0800 local time is 83%; at 1200
local time, 1600 local time, 36%, and at
midnight, 77%. Contrast this with the
frequency of calms over the open sea in
this area and for the same time of the year;
the frequency is approximately 54. These
statistics on calms only emphasize the
conclusion which may pe derived from a study
of the variation ot wind direc®ion and

force at various hours of the day. During the atternoon there 1is a pronounced
shift of the wind towards northerly directions, while the mean wind over

the sea is from the east and southeast. A study of islands througivut the
Pacific, especially in the Hawaiian, Fijian, and Indonesian areas, shows

that land and sea breezes are best developed on the lee side of mountainous

islands.

It seems that orographic dis-
turbances of the winds are only
with difficulty separated from the
land-sea breeze regime. There is

always a tendency for a large

eddy to form, in the vertical plane,
in the lee of high mountain barriers
in the tropics. Furthcrnore, the
eddy is often detected at the sur-
face as a foehn wind. In the after-
noon temperatures are usually much
higher on the lee plain and lee
coast than on the windward side of
the island. The combination of
surface heating and upper level

eddy circulation set up by the

mountains produces the sea breeze. ]
On some lee coasts this may become
strong. For example, it is not

unusual for the southwest sea

149° 20'W
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Fig. 3-11. The Geography of Tahiti,

breezes on the lee coast of New Caledonia to attain the speed of 25 Knots ir
the face of the prevailing trade winds. Similarly, the land breeze at nignt
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15 best developed on mountainous islands and is undoubtedly a combined land
vreeze -- mountaln wind phenomenon.

In most rases, it is difficult to estimate the depth of the sea breeze
circulation, On the few islands where a study of vertical structure has been
made there seems to te a good correlation between the depth of the circulation
and the height ot the mountain varrier. At Batavia, Java, for example, the
~va breeze circulation may extend to a depth of 8,000 feet during the middle
ol the day. On the other hand, at Nandi on the west coast of Viti Levu in the
¢1iian Islands the sea nreeze and return-current system do not usually extend
above 4,000 teet, The mountains on Java are much higher than those on Fiji
and there is an approximate correlation between the depth of the sea breeze
and the heights of the mountains windward of the station. The whole subject
ot land and sea opreeze circulations is badly in need of investigation and it
would pay the forecaster newly entering a region to spend a little time study-
ing the decails of the land and sea breeze regime of all important stations in
ni1s area. The literature usually contains studies of individual stations
which may be taken as a guide, .he analyst should study the lower layers of
wind soundings trom stations which lie in the lee of mountain chains or peaks
and attempt through experience to correlate the lower ievel winds with rhe
herpht of the obstacle and with the direction of the general wind over the
ocean. In low level analysis, experience of this kind will enable him to
extrapolate from the upper levels of the soundings, above the height of the
rmountain parrier, downward toward a reasonable representative wind for use in
large-scale synoptic analysis., On the other hand, he must take the sea breeze
1nto account in analyzing local weather and issuing local forecasts.

It has already been pointed out that heavy showers from cumulus congestus
or from cumulonimbus are almost invariably accompanied by downdrafts. The
effect ot these drafts can often be seen by an observer flying in the neighvor-
nood of a snhower cloud over the open sea, In addition,to the rain pattern on
the surtace of the water, the so-called squall winds accompanying the shower
and surrounding the cumulus cloud, particularly at its forward moving edge,
can easily ve seen on the surface of the water. In former times sailors used
to report these as squalls, or rain squalls; indeed, to many seamen of the
present day a tropical squall invariably means rain accompanied by strong
gusts. Anemometers on atolls frequently show the marked correlation of this
type of wind with the onset of a shower., While the general wind may be only
5> to 10 knots, immediately before the shower and during the early part of its
Jassage, squalls or gusts to 40 knots or more may be experienced. Naturally,
on an island like Guam (where these squalls are quite frequent in the wet
season) the anticipation of sudden wind changes of this nature at air fields
is a matter of some importance to successful forecasting. It is perhaps not
s0 easily realized, however, that such squall winds also have to oe considered
during analysis. Observers, recording the surface wind, are usually well
aware of the unrepresentative nature of the squall wind and will generally
rep.it a wind speed and direction that has been prevalent over some time;
thre squuall winds are then reported as special phenomena. What is forgotten
is that these squall winds may partly vitiate the value of a pilot balloon or
rawinsonde ouservation. If the rawinsonde is released just before or during
the passage of a shower, so that the lower transit of the balloon is in the
region of downdratt, quite unrepresentative winds may be reported. All opserva-
tions of winds at levels below 4,000 feet made during the period of heavy pre-
cipitation should be treated with caution. ;
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4000. WIND ANALYSIS

Ko

4100. GiNERAL REMARKS ON WIND ANALYSIS.

The quantities ordinarily arising from meteorological measurements and
entering into their subsequent analysis belong to two classes called scalars
and vectors, respectively. A scalar has magnitude but is not related to any
definite direction in space; it is completely specifivd by a single number.
For example, the mass of a body and the density of a gas are quantities which
require for their specification only the assignment of a number which is ob-
tained directly through observation or indirectly by calculation. Un the other
hand, a vector quantity requires tor its complete specitication not only the
assignment of a number representing its magnitude obut also a statement of its
direction 1n space. The speed and direction of a oody and the atmospheric
pressure gradient at a point are examples of vector quantities. The true wind
is a vector quantity, that is to say, in addition to magnitude 1t has a def -
inite direction in space. At an instant the true wind may be oriented in any
direction with respect to the vertical and horizontal axes tnrougn the point
of observation and it will fluctuate widely from instant to instant. However,
it is only the horizontal components of the true wind thut are averaged dur-
in the process of observation and it 1s this average horizontal wind with
which we deal in synoptic meteorology. Vertical components are neither ob-
served nor, under ordinary circumstances, cosputed. kach wind observation is
usually referred to a point in a surface, parallel to or coincident with the
surface of the earth, the height of the surface being specitied. The wind
vectors which are considered during wind analysis then lie wholly within this
surface of reference.

The object of wind analysis is to construct a continuous representation
of the wind field trom the observations of the two-dimensional horizontal
wind vectors on each surface. The various surfaces together constitute a com-
plete analysis from which it should be possible to read the horizontal direc-
tion and speed of the wind at any point in the analyzed space.

The complete analysis of the wind field also provides a means of obtain-
ing other subsidiary fields, such as the divergence and vorticity of the wind
(refer to section 6200, ). While work on the practical application of these
derived fields has progressed very slowly and has not yet reached the stage
of everyday opcerational use, we may assume that future work will lead to pet-
ter understanding and greater use of them.

The difficulties of wind analysis arise both in interpolation and
interpretation. First, interpolation 1s a much more ditficult process
than any customarily encountered in temperate zone weather stations where
the interpolations practiced on a routine basis have been of the scalar
type. The analysls ot the pressure field, tor example,is a4 relatively
simple process; a scalar tield of this type requires for its represen-
tation only one set of !ines talling 1n sirple patterns. A vector
analysis, however, such as that of the wind tield, 1nvolves a much more
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fitiicult 1nterpolation. The patterns are not simple; furthermore, they occur

1n two sets of lines which must be superimposed. The process of interpretation
also, is more difficult. Behind the developed synoptic models ot trontal analy-
s1s lie almost one hundred years ot experience in the analysls of pressure fields;
there are thousands of practitioners of the art, and 1n their dally work they
continually check and improve the application ot the models. In contrast, wind
analysis 1s, as yet, rare outside the research laboratory. The relation of the
wind analysis to other tields, such as that of pressure, is very obscure over

a4 large part ot the earth, Files of well-analyzed wind maps are rare and the
complexity of the patterns displayed on them makes the statement of general rules
veery hazardous.

4200. REPRESENTATION UF THE WIND FIELD.

There are many possible representations, graphical and non-graphical, of
vector tirelds. The choice of one tor use in practical synoptic work depends
upon several factors: the customary materials of the map analyst, the ease
of comparison with other meteorological fields usually studied in weather sta-
tions, the method ot observation, and the manner in which the observations are
recorded and transmitted. As mentioned in section 3600, the winds which inter-
est the synoptic meteorologist are time averages of the true wind over a
veriod of the order of one minute and space averages over volumes of the order
i1 one cubic mile, OUn the scale of maps used in most weather stations and on
the time scale of the changes which have to be forecast, these winds may pe
referred to a point in space and to an instant in time without serious error.
Ihe place ot observation is sufticiently well specified by plotting it as a
point on a map bearing a latitude and longitude grid, and by a map reference
to the height of the surtace of analysis above sea level. If the map scale
is such that a point can be located to the nearest tenth of a degree, both of
latitude and longitude, all practical purposes will pe served. Maps of a
smaller scale are usually not sufficiently large to show the space variation of
the observed winds, especially if calculations, such as those leading to a
knowledge ot the vertical motion, are intended to be made. Small-scale maps,
however, are sometimes useful for preliminary sketches before the detinitive
analysis is attempted. In addition to the height of the analytic surface and
the latitude and longitude grid, the map should specify the time of ooserva-
tion (to the nearest hour) or, in the case of a prognostic map, the time to
which the prognosis refers, If the region of analysis includes land areas
other than very small islands, 1t is a great advantage to have the represen-
tation of these land masses contoured at 1,000 foot intervals on the bpase map.
It almost goes without saying that, for use in the tropics, the map must be of
a Mmercator’'s projection,

4210, The Two-Component Method.

Since only the horizontal components of the true wind are averaged in wind
ovservations, they can be specified by plotting their component toward the
north (this we shall call the v-component) and east (u-component) at the point
of observation. Wind analysis can then consist of separate scalar analyses of
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the u-field and the v-field, using interpolations similar to thuse on pressure
or contour maps; the final result 1s derived by superimposing the two sets ot
lines so obtained, on the same map., Figure 4-1 is an example of this type of
analysis. For certain computations, chiefly used in research work, this torn
of analysis is sometimes useful. However, for the development and application

Fig. 4-1. The two-component method of wind analysis. The solid lines are
East components. Broken |ines are north components

of synoptic models, the loss of the intuitive picture ot fluid movement,
which we all possess as a result of everyday experience, is a serious
handicap. Further, wind observations are not normally transmitted in
the form of two components, so that a tedious resolution of the wind
vectors is required before plotting. Obviously it is an advantage to
plot the winds in the form in which they are received in the weather
station and this imposes certain restrictions on the final representa-
tion of the wind field. At the present time winds are specified by the
direction of the horizontal vector, measured in degrees clockwise trom
the standard direction of north, and the speed or intensity ot the
horizontal vector, measured in knots.
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4220, [he Vector-Arrow Method,

Une of the :trpleat and ost graphic methods of representing vector quan-
titivs is to plot thew .5 arfrfuss polnting 1n the direction ol the vectors and
Nl length pruportlonal tv thelr rugnitude. There are great disadvantages

to this method, however, when it is applied to wind analysis. To the eye,
the longer arrows, representing high wind speed, assume the greatest impor-
taunce, In reglons of strong wind and dense observations, a net of over-
lapping arrows is ootained and it 1s not easy to see, at first glance, the
individuul points to which the observations refer. To achieve & complete
analysis, the analyst must place interpolated vector-arrows at regular inter-
vals between those that represent observed winds. Sucn an analysis is dif-
ficult to perform and, when completed, consists of a maze of Arrows confusing
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Fig. 4-2. The vector-arrow method of wind analysis. Heavy vectors are plotted
data. Light vectors are interpolated

to the eye. Finally, the wind speed cannot be read from the analyzed chart.
without the aid of a scale for measuring the length of the arrows. Figure
4-2 illustrates this type of wind analysis.
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4230, The Discontinuous Streamline sethoy

This method involves a single set of lines drawn tangential to the winds
and spaced according to an arpitrary speed scales Thils, 0t course, neans that
in areas of speed convergence (=ee section §200, ) sone lines must pe fropped
from the field and in areas of speed divergence lines must be added tu the
field; thus the streamlines are dlscontinuous., wille thils method has veen used
in the past, it is easily seen that it is impossivle to represent completely
tne'true horizontal wind field in this tanner. For example, 1n areas ot hori-
zontal streamline convergence (see scetion 6200, ) the streamlines must con-
verge toward each other; yet the speed nay oe decreasing downstream rather than
increasing, as the tighter spacing would 1inaicate. Flgure 4-34 illustrates th
type of wind analysis.
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Fi . The discontinuous streamline method of wind analysis. Wind speed
is indicated by the spacing of the streamlines.

4240, The Streamline-Isotach method.

The best form of wind analysis available at the present time consists of
two sets of lines. The first set (called the streamlines and bearing arrowheads)
is entirely devoted to representing the direction of the wind. The second set
of lines, called the isotachs or isovels, represents the wind speed and is labeled
in knots. A complete analysis consists of both sets ot lines, one superimposed
upon the other. If the lines are sufficiently close together, it is possible
to read the wind direction from the streamlines and its speed from the isotachs
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4240. - 4310,

at any position on the maup. An 1ntuitive picture ot tluid motion may ve applied
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